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1 Einführung in die Thematik
Durch die technologischen Fortschritte der industriellen Reformen stellt die moderne Medi-
zintechnik heute einen der größten Innovationssektoren dar, der von aufstrebenden Techno-
logiebereichen wie der Miniaturisierung, der Softwaretechnologie und der Optotechnologie
geprägt ist. In der Zahnmedizin führte dieser Fortschritt zu einer stetigen Weiterentwicklung der
Gerätetechnik und Materialwissenschaft, so dass der Zahnarzt heute auf eine Vielzahl hoch-
präziser Instrumente und moderne Restaurationsmaterialien bei der Diagnostik und Therapie
der Zahnhartsubstanz zurückgreifen kann. Bei der Diagnostik von Karies, der weltweit häufigs-
ten chronischen Krankheit (Murray & Lopez, 1996), haben die bedeutenden Errungenschaften
der Röntgentechnik die Zahnmedizin seit der ersten Röntgenaufnahme eines Zahnes durch
Otto Walkhoff im Jahr 1896 (erste Bissflügelaufnahme 1925) revolutioniert. Zwar hat sich die
Kariesprävalenz in den Industrieländern seit der Etablierung von Fluorid als Karies-präventive
Substanz stetig verringert, jedoch ist die Erkennung von kariösen Läsionen an schwer einseh-
baren Bereichen nach wie vor eine der größten Herausforderungen in der konservierenden
Zahnmedizin. Die durch Wissenschaft und Praxis gewonnenen Kenntnisse über die Ätiologie
und Therapie der Karies haben dabei in den letzten Jahren zu einem Paradigmenwechsel
geführt: War traditionell die invasive Entfernung der betroffenen Zahnsubstanz nach dem “drill &
fill”-Prinzip der primäre Weg um die fortgeschrittene Karies zu behandeln, so orientiert sich die
moderne Kariestherapie heute an minimal- und mikroinvasiven Ansätzen (“heal & seal”) und stellt
die Prävention und ein engmaschiges Recall der Patienten in den Vordergrund (Meyer-Lueckel
& Paris, 2016). 2004 wurde bei dem International Consensus Workshop on Caries Clinical Trials
die Forderung nach neuen Ansätzen zur Kariesdiagnostik folgendermaßen formuliert:
“Caries measurement methods should accurately capture any signs of the manifes-
tations of the caries process at any given point in time, be able to monitor different
levels of de/remineralisation and differentiate product effects in terms of lesion initia-
tion and lesion behaviour (progression, arrest and/or regression).” (Pitts & Stamm,
2004)
Auch im Rahmen der 2019 in Berlin statt gefundenen europäischen Tagung für Zahnerhaltung
(ConsEuro) wurden in einem Konsens-Workshop aktuelle Empfehlungen für die moderne
Kariestherapie formuliert (Albrecht, 2019), aus denen sich folgende Anforderungen an die
Diagnostik ableiten lassen:
• Eine diagnostische Methode müsse Auskunft insbesondere über frühe Kariesstadien
liefern.
• Kleinste Eintrittspforten von Bakterien im Approximalraum sollten mit Hilfe eines bildge-
benden Verfahrens erkennbar sein.
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• Um minimal-invasiv behandeln zu können, besteht der Bedarf nach Verfahren zum Karies-
Monitoring.
Aus diesen Forderungen lässt sich für die gegenwärtige Situation in der Kariesdiagnostik der
Bedarf nach neuen Verfahren zur Erkennung initialer Kariesläsionen ableiten. Dabei gilt: Je zeiti-
ger die Erkennung dieser Stadien erfolgt, umso größer ist die Wahrscheinlichkeit im Einklang mit
gezielten Therapiekonzepte eine erfolgreiche Remineralisierung bzw. Arretierung zu erreichen.
Ziel dabei ist es, den kritischen Übergang zur Oberflächenkavitation zu verhindern, da sich
hier der gesamte Metabolismus des Biofilms verändert und im Allgemeinen die Möglichkeiten
nicht-invasiver Präventionsmaßnahmen erschöpft sind. Kommt es zum Einbruch der (pseudo-)
intakten Oberflächenschicht, können Bakterien ungehindert in das Dentin penetrieren und dieses
enzymatisch zersetzen. Die freie Zugänglichkeit des Dentins für den kariogenen Biofilm wirkt
sich dabei drastisch auf den Verlauf der Kariesprogression und die Prognose aus. Insbesondere
bei der Approximal- und Okklusalkaries ist bei vorliegender Kavitation eine Progression der
Karies sehr wahrscheinlich, da eine mechanische Reinigung des Biofilms nicht mehr möglich
ist. Aufgrund der daraus resultierenden therapeutischen Konsequenz, die in der Regel mit einer
invasiven Füllungstherapie verbunden ist, ist die Beurteilung der Oberflächenbeschaffenheit
neben der Detektion initialer Stadien von fundamentaler Bedeutung in der Kariesdiagnostik.
Eine Übersicht der verschiedenen Kariesstadien ist in Abbildung 1.1 schematisch am Beispiel
einer Approximalläsion dargestellt. Entscheidend bei der Diagnostik ist die Erkennung der Sta-
dien, die histologisch noch keinen Einbruch der Schmelzoberfläche zeigen. Mit der für den
Approximalraum eingesetzten Röntgendiagnostik sind solche Zustände jedoch erst in einem
deutlich fortgeschrittenem Stadium erkennbar (siehe Abschnitt 1.1.2).
Abbildung 1.1. Vergleich zwischen dem radiologischen und histologischen Erscheinungsbild der ap-
proximalen Kariesläsion. Bei nicht eingebrochener Oberfläche besteht Remineralisationspotenzial mit
nicht-invasiven Therapien. In der Bissflügelaufnahme sind Läsionen jedoch erst sichtbar, wenn die
Demineralisation in etwa bis zur Hälfte der Schmelzschicht vorgedrungen ist (C1). Der Übergang von
fortgeschrittener Demineralisation mit weiter Dentinbeteiligung (C3) zur Oberflächenkavitation (C3*) ist
ein wesentliches Kriterium für die invasive Füllungstherapie.
Die Versorgung mit einer Restauration markiert gleichzeitig den Eintritt des unter dem Begriff
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“Re-Dentistry” zusammengefassten Versorgungszyklus einer Füllung und machte im Jahr 2016
über die Hälfte der insgesamt 6,95 Mrd. e Kosten für konservierende und chirurgische Leis-
tungen in der gesetzlichen Krankenversicherung in Deutschland aus. Daher ist nicht nur aus
sozioökonomischer Sicht, sondern auch in Bezug auf eine Patienten-orientierte und minimal-
interventionelle Therapie eine zuverlässige Früherkennung und ein individuelles Monitoring
des Kariesprozess wünschenswert. Aufgrund der in dieser Arbeit beschriebenen Defizite der
etablierten Diagnostikmethoden, besteht ein dringender Bedarf nach neuen Verfahren, die dem
Anspruch eines modernen und konservativen Kariesmanagements gerecht werden.
Die vorliegende Arbeit befasst sich mit dem Thema der Früherkennung initialer Kariesläsionen
durch die Bildgebung mit dem Verfahren der optischen Kohärenztomografie (OCT, engl. optical
coherence tomography), sowie deren Erweiterung als Polarisations-sensitive OCT (PSOCT,
engl. polarization-sensitive optical coherence tomography ). Die OCT zählt zu den sogenannten
optischen Verfahren und wird im Kapitel 1.2.4 eingeführt. Im Folgenden soll zunächst der aktu-
elle Stand der klinischen Kariesdiagnostik dargestellt und im Kapitel 1.2 auf weitere optische
Verfahren eingegangen werden, die gegenwärtig als potentielle Diagnostikverfahren in der
Forschung Anwendung finden.
1.1 Klinischer Stand der Kariesdiagnostik
1.1.1 Die visuell-taktile Untersuchung
Die etablierte Diagnostik der Karies basiert auf der visuell-taktilen Untersuchung durch den
Zahnarzt, bei der die Erfassung optischer Phänomene durch das Auge des Arztes bereits eine
essentielle Rolle spielen: durch das Herauslösen der Kalzium- und Phosphationen aus der
Hydroxylapatitstruktur des Schmelzes bei früher Demineralisierung, wird Licht bei getrockneten
Zahnoberflächen in dem vergrößerten Porenvolumen stärker gestreut und lässt Initialläsionen
(“white spots” ) weißer erscheinen als den umliegenden, gesunden Schmelz (Karlsson, 2010).
Die diagnostische Validität der visuellen Beurteilung hängt jedoch von der subjektiven Einschät-
zung des behandelnden Zahnarztes ab, der basierend auf der Farbgebung, Textur und der
Lokalisation der Läsion eine therapeutische Entscheidung fällt (Selwitz et al., 2007). Die taktile
Erfassung der Oberflächenstruktur mit einer zahnärztlichen Sonde ergänzt die Diagnostik an gut
zugänglichen Stellen (insbesondere an Füllungsrändern und der Wurzeloberfläche), wohingegen
die Untersuchung mit einer Sonde in den Fissurenbereichen als überholt gilt, da hierbei ein
erhöhtes Risiko eines irreversiblen Schmelzeinbruchs besteht (Kuehnisch et al., 2007) und
die Verschleppung des kariogenen Biofilms in nicht infizierte Bereiche erfolgen kann (Loesche
et al., 1979). Im Bereich der oralen und bukkalen Glattflächen lassen sich beginnende Karieslä-
sionen mit Hilfe von visuellen Kriterien aufgrund der guten Zugänglichkeit und der einfachen
Strukturmerkmale der Zahnhartsubstanz relativ einfach detektieren. Für die Okklusalflächen,
die von Fissurengräben durchzogen sind und im fortgeschrittenen Alter häufig Verfärbungen
durch Biofilmbildung am Fissurenboden aufweisen, zeigt sich eine deutlich schlechtere Er-
kennungsrate (Hoskin & Keenan, 2016). Erschwert wird die visuelle Beurteilung häufig durch
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die Ausbildung einer pseudo-intakten Oberflächenschicht, bei der Präzipitationsprozesse zu
einer Remineralisierung der Oberflächenschicht geführt haben und eine darunter liegende,
progrediente Läsion (“hidden caries” ) verdecken können. Um die hohe Variabilität des Erschei-
nungsbildes von Okklusalflächen mit visueller Inspektion objektiver diagnostizieren zu können,
wurden im Laufe der Zeit zahlreiche Klassifizierungssysteme entwickelt, von denen heute die
International Caries Detection and Assessment System (ICDAS) -Klassifikation das aktuellste
System darstellt (Ismail et al., 2007). Dieses berücksichtigt neben dem Stadium der Läsion auch
dessen Größe und Aktivität. Neben der Diagnostik der Okklusalkaries stellt die Erkennung von
frühen Läsionen im Zahnzwischenraum die größte Herausforderung in der Kariesdiagnostik
dar, da diese für die visuelle Kontrolle durch den Zahnarzt nicht direkt einsehbar ist. In diesen
Bereichen erfolgt die Diagnostik unter Zuhilfenahme der Bissflügelröntgentechnik.
1.1.2 Die Röntgen-basierte Karieserkennung
Karies ist aufgrund des Mineralverlustes durch eine Abnahme der Radioopazität charakterisiert
und wird als Verschattung im digitalen Röntgenbild sichtbar. Die Ergänzung der Diagnostik
mit der radiologischen Beurteilung ermöglicht dadurch, deutlich mehr Läsionen als durch rein
visuelle Untersuchung zu detektieren (Kidd & Pitts, 1990; Wenzel, 2004) und liefert durch den
vergrößerten Abbildungsmaßstab wichtige zusätzliche Informationen zu Kariesausdehnung und
Gesamtzustand des umliegenden Gewebes. Die in Tabelle 1.1 aufgeführten Sensitivitäten, Spe-
zifitäten und Diagnosegenauigkeiten verdeutlichen, wie bei der Inspektion von Okklusalflächen
zusätzliche Bissflügelaufnahmen zu einer Verbesserung der Kariesdiagnostik beitragen (Lussi &
Francescut, 2003). Jedoch ist aus der Übersicht auch zu entnehmen, dass immer noch weniger
Spezifität Sensitivität Richtige Diagnose
Inspektion 93% 12% 57%
Inspektion mit Vergrößerungshilfe 89% 20% 56%
Inspektion mit Sonde 93% 14% 58%
Röntgen-Bissflügelaufnahme 83% 45% 63%
Inspektion und Röntgen-Bissflügelaufnahme 87% 49% 67%
Tabelle 1.1. Übersicht der Sensitivitäten, Spezifitäten und der Diagnosegenauigkeit scheinbar intakter
Okklusalflächen mit etablierten klinischen Verfahren nach Lussi & Francescut (2003)
als 70% der Läsionen richtig diagnostiziert werden. Die Ursache hierfür liegt in der geringen
Sensitivität der Bissflügeltechnik für frühe Läsionen ohne Kavitation begründet. Bedingt durch
die Überlagerung der Schmelzstrukturen im Strahlengang der Röntgenaufnahme, erfolgt eine
Abschwächung der Transluszenz was zu einer Verringerung des Kontrastes in der Abbildung
führt. Daraus resultiert einerseits, dass die Bissflügelaufnahme die Läsion unterbewertet abbil-
det (siehe Vergleich Histologie und Bissflügel in Abbildung 1.1). Andererseits werden dadurch
initiale Kariesläsionen im Approximal- und Okklusalbereich, die bereits eine Dentinbeteiligung
aufweisen, nur mit schlechten oder moderaten Erkennungsraten detektiert (Schwendicke et al.,
2015). Eine zuverlässige Früherkennung im Remineralisationsstadium ist demzufolge nicht
möglich, jedoch frühestens bei einer Progression der Karies bis in das erste Schmelzdrittel
(Stookey & Gonzalez-Cabezas, 2001), bei der schon eine Dentinreaktion vorliegt (Abbildung
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1.1, Klasse C1). So können auch bei unauffälligen Bissflügelaufnahmen von Approximalläsio-
nen histologisch bereits Demineralisationen vorliegen (Abbildung 1.1, Klasse C0). Wie bereits
einführend erläutert, ist neben dem Progressionsstadium auch die Oberflächenbeschaffenheit
der Läsion von Therapie-entscheidender Bedeutung. Der kritische Übergang einer Läsion mit
intakter Oberfläche, die gegebenenfalls durch eine geeignete Biofilmkontrolle remineralisiert
und arretiert werden kann (Abbildung 1.1, Klasse C3), hin zur Oberflächenkavitation (Abbildung
1.1, Klasse C3*), kann durch die Bissflügelaufnahme nicht erfasst, sondern nur indirekt anhand
des klinischen Erscheinungsbildes abgeschätzt werden.
Am Beispiel des in Abbildung 1.2 dargestellten extrahierten Zahnes, lässt sich die Problematik
der Röntgen-basierten Erkennung früher Kariesstadien auch bei der Okklusalkariesdiagnostik
illustrieren: Abbildung 1.2 A zeigt einen Prämolaren mit suspekter, okklusaler Verfärbung in der
Fissur. Die Darstellung in der transversalen Röntgenaufnahme im Bild 1.2 B zeigt im Bereich
des Fissurenbodens keine auffälligen Veränderungen. Gut zu erkennen sind ebenfalls die Ver-
schattungen, die durch die zweidimensionale Überlagerung der Zahnstruktur im Bereich der
Höckerabgänge zur Fissur entstehen. Im histologischen Schliff ist mit Polarisationsmikroskopie
(Abbildung 1.2 C) entlang der in Bild 1.2 A eingezeichneten Linie jedoch bereits eine deutliche
Alteration der Schmelzstruktur zu erkennen, die auf einen iniitialen kariösen Prozess hinweist.
Abbildung 1.2. Prämolar mit suspekter, okklusaler Verfärbung (A). In der transversalen Röntgenaufnah-
me (B) sind im Bereich des Fissurenbodens keine Auffälligkeiten sichtbar. Der histologische Schliff zeigt
in der polarisationsmikroskopischen Aufnahme bei 2,5-facher und 10-facher Vergrößerung (C) jedoch
deutliche Alterationen des Schmelzes entlang des Fissurengrabens (gelbe Pfeile).
Ein weiterer Nachteil der Röntgendiagnostik ist die Strahlenexposition, die nach den Empfehlun-
gen der Europäischen Leitlinie zum Strahlenschutz in der zahnärztlichen Radiologie so gering
wie möglich zu halten ist und vom Zahnarzt individuell anhand der Beurteilung des Kariesrisikos
abgestimmt werden muss. Insbesondere trifft dies im Bereich der Kinderzahnheilkunde oder bei
Schwangeren zu und limitiert dadurch die Häufigkeit der Anwendung von Bissflügelaufnahmen.
1.1.3 Messung der elektrischen Leitfähigkeit
Als ein weiteres Verfahren zur Einschätzung der Okklusalflächen, kann die Messung der elektri-
schen Leitfähigkeit angewendet werden. Die Detektion kariöser Läsionen mittels dieser Mess-
technik beruht auf der höheren Leitfähigkeit demineralisierter und poröser Schmelzstrukturen
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aufgrund dessen höheren Flüssigkeitsanteils. Die Messung erfolgt dabei zwischen einer in der
Fissur lokalisierten Sonde und einer zweiten Referenzelektrode, die entweder im Mund oder in
der Hand des Patienten platziert wird. Auf Basis des Widerstandes zwischen den beiden Elektro-
den wird die relative Kariestiefe bestimmt. Herausfordernd hierbei ist jedoch, dass die Messung
unter größtmöglicher Trockenlegung der Okklusalflächen stattfinden sollte, um fehlerhafte Ergeb-
nisse zu vermeiden. Weiterhin erlaubt diese Messtechnik die Bestimmung der Kariesaktivität
ausschließlich punktuell und lässt keinen Rückschluss auf die räumliche Ausdehnung der Läsion
zu. Studien zeigten für dieses Verfahren jedoch gute und reproduzierbare Ergebnisse hinsicht-
lich einer zuverlässigen Erkennung der Fissurenkaries (Huysmans et al., 1998; Ricketts et al.,
1996). In einer Übersichtsarbeit kommen die Autoren zu der Schlussfolgerung, dass zusätzliche
Studien notwendig sind um die diagnostische Validität dieses Verfahrens hinsichtlich der auf die
Messung Einfluss-nehmenden Faktoren zu untersuchen (Longbottom & Huysmans, 2004).
1.2 Kariesdiagnostik mit optischen Verfahren
Abbildung 1.3. Wechselwirkungen von
Licht mit der Zahnhartsubstanz. A) Re-
flektion, B) Streuung, C) Fluoreszenz,
D) Absorption, E) Transmission.
Wie bereits im vorangegangenen Kapitel am Beispiel des
Erscheinungsbildes von white spots erläutert, sind Altera-
tionen der Zahnhartsubstanz mit charakteristischen Ände-
rungen der optischen Eigenschaften verbunden (Karlsson,
2010). Diese Phänomene beruhen im Wesentlichen auf
Änderungen der Reflektanz bzw. Absorption (Tetschke
et al., 2018), der Streuung (Darling et al., 2006), der Fluo-
reszenz (Buchalla, 2005) oder der Transmission (Darling
et al., 2006) (siehe Abbildung 1.3) von Licht des sicht-
baren (VIS, engl. visible) und nahinfraroten (NIR, engl.
near-infrared) Wellenlängenbereichs zwischen 400 nm
- 1500 nm. Verfahren, die Änderungen in diesem Wel-
lenlängenbereich erfassen, werden in der Literatur als
optische Verfahren bezeichnet. Ein bedeutender Vorteil
der Kariesdiagnostik mit optischen Verfahren, ist deren
nicht-ionisierender und nicht-invasiver Charakter, wodurch
diese Verfahren beliebig häufig eingesetzt werden können und sich daher zum Monitoring und
der Verlaufskontrolle eignen. Die am häufigsten, im Zusammenhang mit der Karieserkennung
beschriebenen optischen Verfahren sind die fiberoptische Transillumination (FOTI), Fluoreszenz-
verfahren (Laser-induzierte Fluoreszenz, LF und quantitative Licht-induzierte Fluoreszenz, QLF),
die OCT und NIR-Bildgebungsverfahren basierend auf Transmission und Reflektion.
1.2.1 Fiberoptische Transillumination (FOTI)
Die FOTI wird bei der Inspektion von Okklusal- und Approximalflächen bereits seit den 1970er
Jahren eingesetzt und verwendet typischerweise Licht im sichtbaren Bereich, welches durch
Lichtleiter direkt auf die Zahnoberfläche geleitet wird. Das durch den Schmelz transmittierte
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Licht wird bei Vorliegen einer frühen Schmelzläsion aufgrund des erhöhten Porenvolumens
stärker gestreut und absorbiert, so dass die Läsion in der Transmission dunkler erscheint. Für
die Approximalraumdiagnostik wird die Sonde bukkal oder lingual am Kontaktpunkt platziert und
die veränderte Transluszenz entweder von der gegenüberliegenden Seite oder von okklusal
beurteilt. Mehrere Studien konnten zeigen, dass mittels FOTI die Anzahl der detektierten
Approximalläsionen im Vergleich zur alleinigen visuellen Beurteilung nahezu verdoppelt werden
kann (Friedman & Marcus, 1970; Stephen et al., 1987; Verdonschot et al., 1991; Peers et al.,
1993). Dennoch liegt die Sensitivität des Verfahrens für die Erkennung von Schmelzläsionen
deutlich unterhalb der von Bissflügelaufnahmen (Peers et al., 1993).
1.2.2 Fluoreszenz-basierte Verfahren
Die Entwicklung von Fluoreszenzverfahren für die Kariesdiagnostik beruht auf den Beobachtun-
gen der natürlich auftretenden Autofluoreszenz des Schmelzes, sowie auf einer extrinsischen
Fluoreszenz, die mit der Existenz von kariogenem Biofilm in Verbindung steht. Bei der QLF
basiert das Messprinzip auf der Änderung der natürlich vorkommenden Autofluoreszenz des
Schmelzes bei vorhandener Demineralisation (Bjelkhagen et al., 1982; de Josselin de Jong et al.,
1995). Dabei wird die betroffene Stelle mit violett-blauem Licht im Bereich 290 - 450 nm beleuch-
tet und Bilder von einer in einem Handstück befindlichen Kamera bei ca. 520 nm aufgenommen.
Für eine quantitative Auswertung der Fluoreszenz stehen drei Parameter zur Verfügung: ∆F
(durchschnittliche Änderung der Fluoreszenz in %), die Läsionsfläche im mm2 und ∆Q als Pro-
dukt der Läsionsfläche und ∆F . Der von der Firma KaVo entwickelte DIAGNOdent-Applikator
ist ein kommerziell erhältliches System, welches auf der Messung der Laser-induzierten Fluo-
reszenz beruht. Im Gegensatz zur QLF erfolgt die Erkennung kariöser Läsionen dabei auf der
Fluoreszenz der in den meisten Biofilmen vorkommenden Protoporhyrin-Verbindungen und
den von kariogenen Bakterien erzeugten Metabolismusprodukten (Lussi et al., 2004; Sainsbury
et al., 2009; Buchalla et al., 2008). Über die genaue Herkunft und die klinische Interpretation der
detektierten Fluoreszenzen wird allerdings noch kontrovers diskutiert. Um diese Fluoreszenzen
anzuregen, wird bei der LF Laserlicht des roten Wellenlängenbereichs (λ = 655 nm) verwen-
det und die emittierte Fluoreszenz im höheren Wellenlängenbereich durch Lichtleiter erfasst.
Die Auswertung erfolgt anhand einer Skala mit Werten zwischen 0-99 (gesund-kariös), wobei
ein Schwellwert von 30 für eine in das Dentin reichende Karies vorgeschlagen wurde (Lussi
et al., 1999). Das DIAGNOdent-Verfahren stellt unter den Fluoreszenzmesstechniken das am
weitesten verbreitete System dar. Sowohl für die Anwendung der QLF als auch der LF, existieren
bereits Kamerasysteme, die eine Bildgebung der Auswerteparameter erlauben. Ein Problem bei
der Interpretation der Daten stellt jedoch häufig die Sensitivität gegenüber der Eigenfluoreszenz
nicht gereinigter Zahnoberflächen, Plaque und Zahnstein dar (Ricketts, 2005). Zudem macht
die fehlende Vergleichbarkeit von Studien eine Aussage über die Güte der Fluoreszenzverfah-
ren schwierig. In einer Übersichtsarbeit von Bader und Shugars wird dementsprechend von
einer sehr hohen Streubreite der Sensitivitätswerte von 0,19 - 1 und der Spezifitäten (0,52 - 1)
berichtet (Bader et al., 2002). Problematisch stellt sich ebenfalls die Übertragbarkeit der auf
weitestgehend In-vitro-basierten Ergebnisse auf die klinische In-vivo-Situation dar.
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1.2.3 Nahinfrarote Transilluminations- und Reflektanzbildgebung
Die bisher beschriebenen optischen Verfahren operieren im Gebiet des sichtbaren Wellenlän-
genbereichs bis 700 nm. Aus experimentellen Messungen ist jedoch bekannt, dass gerade in
diesem Wellenlängenbereich die Intensitätsabnahme von Licht aufgrund von Absorptions- und
Streuprozessen größer ist, als im nicht-sichtbaren NIR Bereich (Fried et al., 1995). Zwischen
800 - 1500 nm ist Schmelz nahezu transparent und erlaubt eine deutlich höhere Eindringtiefe
des Lichtes (Darling et al., 2006; Soojeong et al., 2011; Fried et al., 2005; Marinova-Takorova
et al., 2016). Verfahren der NIR-Bildgebung können daher eine vielversprechende Ergänzung
für die Diagnostik von Okklusal- und Approximalflächen darstellen. Für die Erkennung früher
Approximalläsionen mit NIR-Transillumination zeigte sich, dass eine Wellenlänge von 1300
nm am geeignetsten für die Erkennung von frühen Approximalläsionen ist (Darling & Fried,
2005). Sowohl im Transilluminationsmodus, bei dem sich der Detektor gegenüber der Lichtquelle
befindet, als auch im Reflektionsmodus, erscheinen frühe Demineralisierungen ähnlich wie bei
der FOTI als dunkler Schatten. Ein bedeutender Vorteil gegenüber der FOTI liegt jedoch in der
größeren Eindringtiefe und der höheren Sensitivität für frühe Läsionen aufgrund der geringeren
Streuung des Schmelzes bei Wellenlängen > 1000 nm. Aus der nicht-invasiven Anwendung
der Verfahren, der vergleichsweise günstigen Messtechnik und der Möglichkeit dem behan-
delnden Zahnarzt eine intuitiv zu interpretierende Bildgebung bereitzustellen, lässt sich für die
NIR-Bildgebungsverfahren insgesamt ein hohes Potenzial für die Kariesdiagnostik in schwer ein-
sehbaren Bereichen ableiten. Aus einer aktuellen Studie zur NIR-Bildgebung für die Erkennung
von Approximalläsionen geht allerdings auch hervor, dass die Erkennung vergleichbar mit der
von Bissflügelaufnahmen ist, diese jedoch aufgrund des größeren Abbildungsmaßstabes (z.B.
Darstellung des Bereiches der Pulpa) der NIR-Bildgebung vorzuziehen ist (Jablonski-Momeni
et al., 2017).
1.2.4 Optische Kohärenztomografie (OCT)
Die OCT ist eins der innovativsten und sich am schnellsten verbreitenden optischen Bildge-
bungsverfahren der letzten 30 Jahre. Seit der ersten Anwendung vor mehr als 25 Jahren hat sich
die Auflösung um mehr als das 10-fache verbessert und die Aufnahmegeschwindigkeit um mehr
als das 500.000-fache erhöht (Drexler et al., 2014). Durch die nicht-invasive, dreidimensionale,
schnelle (mehrere 100 kHz Scanrate) und hoch-aufgelöste Bildgebung im µm-Bereich, stellt die
OCT ein attraktives Verfahren zur “optischen Biopsie” in der Medizin dar. Die Grundlagen der
OCT und deren verschiedenen Varianten zur Bilderzeugung sind bereits in zahlreichen Büchern
und Publikationen ausführlich beschrieben worden (Fujimoto et al., 2000; Fercher et al., 2003;
Leitgeb et al., 2003; Drexler & Fujimoto, 2008), sodass in diesem Kapitel ausschließlich auf
die für die Kariesdiagnostik relevanten Aspekte eingegangen wird. Die OCT-Bildgebung basiert
auf der Rückstreuung von Laserlicht mit geringer zeitlicher Kohärenz, welches typischerweise
im NIR-Bereich zwischen 700 - 1500 nm emittiert wird und damit in dem Wellenlängenbereich
operiert, in dem der gesunde Schmelz nahezu transparente Eigenschaften besitzt (Fried et al.,
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1995; Shimada et al., 2014; Jones et al., 2003). Im Gegensatz dazu sind frühe Demineralisa-
tionen mit einer erhöhten Streuung des Lichtes aufgrund des vergrößerten Porenvolumens in
der Hydroxylapatitstruktur des Schmelzes verbunden, die mit der auf Lichtstreuung basierten
OCT-Bildgebung erfasst werden kann. In Kombination mit der hohen räumlichen Auflösung,
stellt die OCT ein geeignetes Verfahren für die Erkennung früher Läsionen und der Darstellung
der mit Demineralisationsprozessen verbundenen Änderungen der Mikrostruktur dar. Im Sinne
einer modernen Kariesdiagnostik bietet die OCT als komplementäres Verfahren zur Röntgen-
diagnostik die Möglichkeit, ein engmaschiges Monitoring von klinisch-auffälligen Stellen ohne
jegliche Strahlenbelastung beliebig häufig durchzuführen. Die Darstellung der Mikrostruktur
erlaubt zudem den Therapie-entscheidenden Übergang von der Demineralisation zur Kavität
darzustellen und adressiert dadurch die grundlegende Problematik in der Röntgenbildgebung
(Wenzel, 2004; Shimada et al., 2014; Bader et al., 2001). Limitiert wird die Diagnostik mit OCT
allerdings durch die vergleichsweise geringe Eindringtiefe von ca. 1-4 mm in den Zahn. Seit
der ersten OCT-Bildgebung der natürlichen Zahnstruktur durch Feldchtein et al. im Jahr 1998
(Feldchtein et al., 1998), wurde eine Vielzahl von überwiegend In-vitro-basierten Studien zur
Früherkennung kariöser Läsionen durchgeführt. Einen guten Überblick über die bisher durch-
geführten Studien zur OCT und deren Anwendung im Bereich der Zahnheilkunde liefert eine
aktuelle Übersichtsarbeit von Machoy et al.(Machoy et al., 2017). Aus dieser Arbeit, in der 67
Studien zur Thematik der Kariesdiagnostik mit OCT analysiert wurden, geht hervor, dass die
OCT eine einzigartige Verbesserung bei der Diagnostik früher Läsionen im Vergleich zu den
etablierten Verfahren darstellen kann. Für die Einschätzung der klinischen Performance der OCT
fehlen jedoch aussagekräftige und umfangreiche In-vivo-Studien mit einer ausreichend großen
Patientenpopulation. Die Integration der optischen Komponenten eines OCT-Systems in handli-
che Applikatoren, die im klinischen Umfeld genutzt werden können, stellt dabei einer der größten
Herausforderungen dar. Die am häufigsten verwendete, konventionelle OCT-Darstellung basiert
auf der Abbildung der axial zurückgestreuten Intensitäten entlang einer lateralen Scanrichtung
(siehe Abbildung 1.4 C). Aus histologischen Schliffen früher Läsionen ist allerdings bekannt,
dass Initialläsionen häufig pseudo-intakte, remineralisierte Oberflächenschichten ausbilden, die
sich visuell mitunter nicht vom gesunden Schmelz unterscheiden lassen (Silverstone, 1973).
Eine Detektion alleine auf Basis der detektierten Intensitäten ist daher nicht immer eindeutig.
Seit der Darstellung histologischer Schliffe mittels Polarisationslichtmikroskopie (PLM ) Ende
der 1950er Jahre ist bekannt, dass Zahnschmelz die Eigenschaft optisch anisotroper Kristalle
besitzt und eine ausgeprägte Doppelbrechung ausbildet, die bei vorhandener Demineralisierung
beeinflusst bzw. aufgehoben wird (Darling, 1956). Durch die 1992 entwickelte Erweiterung der
OCT um die Detektion von Polarisationszuständen, wurde die Messung der Doppelbrechung
als Materialeigenschaft anisotroper Gewebe ermöglicht (Hee et al., 1992). Diese erlaubt im
Vergleich zur konventionellen OCT eine funktionelle Bildgebung mit einem Gewebe-spezifischen
Kontrast. Am Beispiel einer Aufnahme der Okklusalfläche eines extrahierten Zahnes ist in
Abbildung 1.4 der Vergleich zwischen Intensitäts-basierter und Polarisations-sensitiver OCT-
Bildgebung dargestellt. Der histologische Schliff entlang der gestrichelten Linie in Abbildung 1.4
A zeigt deutliche Demineralisationsprozesse in den Fissuren (weiße Pfeile in Abbildung 1.4 B).
Im B-Scan der Intensitäts-basierten Darstellung sind diese Läsionen als verstärkte Streuung
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Abbildung 1.4. A) Okklusalansicht eines Prämolaren. B) Lichtmikroskopische Darstellung des histo-
logischen Schliffs entlang der in A eingezeichneten schwarzen Schliffebene. C) Intensitäts-basierte
OCT-Schnittbilddarstellung derselben Schliffebene. D) PSOCT-basierte Schnittbilddarstellung des DOP
mit erhöhtem Kontrast im Bereich vorhandener Läsionen. Die weißen Pfeile markieren kariöse Läsionen.
zu erkennen, besitzen allerdings keinen spezifischen Kontrast (Abbildung 1.4 C). Abbildung
1.4 D zeigt den gleichen B-Scan in einem Kontrast der PSOCT-basierten Messung. Die Läsion
grenzt sich deutlich stärker vom umliegenden Schmelz ab und lässt eine genauere Einschät-
zung der lateralen Ausdehnung zu. Durch die Erfassung von Polarisationseigenschaften mit
PSOCT konnte zudem gezeigt werden, dass sich pathologische Änderungen von Polarisations-
sensitiven Mikrostrukturen erfassen lassen, noch bevor morphologische Änderungsprozesse
mit Intensitäts-basierter OCT detektiert werden können (Gladkova et al., 2011; Kiseleva et al.,
2015).
Die Beschreibung der Doppelbrechung am Zahn mittels PSOCT, erfolgte erstmalig 1999 durch
Baumgartner et al. (Baumgartner et al., 1999). Die Arbeitsgruppe um Fried et al. nutzte erstma-
lig PSOCT-Messungen mit linear-polarisiertem Licht, um oberflächliche Demineralisierungen
anhand des zurückgestreuten Lichtes in den zwei orthogonalen Polarisationsachsen zu be-
schreiben (Fried et al., 2002). Weiterhin wurde in der gleichen Studie beobachtet, dass der
starke Oberflächenreflex der Intensitäts-basierten OCT in der Darstellung der orthogonalen
Polarisationsachse stark reduziert war. Aus den bisher erfolgten Studien zur Detektion initialer
Läsionen mit PSOCT, lässt sich auf einen stark depolarisierenden Effekt von Demineralisationen
aufgrund des Mineralverlustes rückschliessen (Baumann, 2017; Manesh et al., 2009; Fried et al.,
2002; Kang et al., 2010; Jones et al., 2006). Um Depolarisationseigenschaften mit PSOCT auch
quantitativ beschreiben zu können, wurde für die Segmentierung der Retina-Epithelschicht von
Götzinger et al. ein Maß für die Depolarisation eingeführt (DOPU, engl. Degree of polarization
uniformity ) (Goetzinger et al., 2008). Die Berechnung des DOPU basiert dabei auf der Mittelung
der Polarisationszustände-beschreibenden Komponenten in einem definierten Analysefenster
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von mehreren benachbarten Ortspunkten. Die Beschreibung der lokalen Polarisationserhaltung
für ein Pixel ist hingegen als Grad der Polarisation (DOP, engl. Degree of polarization) definiert
(de Boer et al., 2017). Die Arbeiten zur Charakterisierung initialer Läsionen mit PSOCT basieren
im Wesentlichen auf der Darstellung der orthogonalen Polarisationszustände (Jones et al.,
2006; Douglas et al., 2010; Fried et al., 2002). In der vorliegenden Arbeit werden Ergebnisse
zur Kariesdetektion basierend auf der OCT und PSOCT vorgestellt. Dabei wird erstmalig die
Darstellung des DOPU und des DOP als Depolarisationsbildgebung für die Bildgebung initialer
Kariesläsionen eingeführt.
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1.3 Ziel der Forschung
Aus den eingangs beschriebenen Anforderungen einer modernen und minimal-invasiven Karies-
therapie, leitet sich in der gegenwärtigen klinischen Situation der Bedarf nach neuen diagnosti-
schen Technologien ab, die in der Lage sind kariöse Läsionen vor dem Therapie-entscheidenden
Stadium der Kavität zu detektieren. Ausgehend von dem im Abschnitt 1.2.4 beschriebenen
Potenzial der OCT für die Kariesdiagnostik, beschäftigt sich die vorliegende Arbeit mit der
Anwendung und Weiterentwicklung der OCT-Bildgebung für die Detektion initialer Kariesstadien.
Diese Zielstellung wird in folgenden Teilaspekten untersucht:
Durch die Anwendung verschiedener optischer und spektroskopischer Verfahren sollen
Kenntnisse über die mit Kariesläsionen verbundenen chemischen, morphologischen
und optischen Änderungen gewonnen werden. Aus den Ergebnissen soll die Eignung
der OCT für die Kariesdiagnostik abgeleitet werden.
(Kapitel 2)
In-vivo-Messungen stellen einen wesentlichen Bestandteil bei der Übertragbarkeit neu-
er Technologien in den klinischen Einsatz dar. Dabei spielt die Anpassung optischer
Komponenten in handliche Applikatoren eine wichtige Rolle, da trotz Miniaturisierung ei-
ne ausreichend gute Bildqualität bereitgestellt werden muss, um die Zahnhartsubstanz
in ausreichender Auflösung darstellen zu können. Für die In-vivo-OCT-Bildgebung soll
zum einen die Integration der OCT-Messtechnik in einen klinisch-anwendbaren
Applikator erprobt und in einer weiteren Arbeit erste Erkenntnisse über die Bildge-
bung mittels PSOCT im Mundraum gewonnen werden.
(Kapitel 3, 4)
Basierend auf den Erkenntnissen der In-vivo-Messungen, soll die PSOCT-Bildgebung
zur Charakterisierung der Zahnhartsubstanz und der Karies weiterentwickelt
werden. Die Ergebnisse dieser Untersuchungen bilden gleichermaßen die Grundlage
für die Anwendung der PSOCT bei zukünftigen In-vivo-Studien und stellen dadurch den
größten Umfang der Arbeit dar. Dabei erfolgt nicht nur die Betrachtung der bereits aus
der Literatur bekannten Polarisationskontraste, sondern erstmalig erstmalig auch die
Depolarisationsbildgebung auf Basis der DOP- und DOPU-Darstellung für frühe
Kariesstadien.
Um die mit der Demineralisation verbundenen Depolarisationseffekte zu untersuchen,
soll in einer weiteren Arbeit der Zusammenhang zwischen der DOP-Darstellung
und der Abbildung von histologischen Schliffen mit PLM bei standardisierten
Schmelzproben beschrieben werden.
(Kapitel 5, 6, 7)
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Wie im Kapitel 1.1 beschrieben, ist die Diagnostik der Okklusalflächen mit einer hohen
Ungenauigkeit verbunden. Die OCT bietet aufgrund ihres tomografischen Charak-
ters für diese Fragestellung einen vielversprechenden Ansatz, da sich Strukturen
unter Fissuren mit vermeintlich intakter Oberfläche berührungslos abbilden lassen.
Für diese Fragestellung soll untersucht werden, ob sich Läsionen unter der Fissur
mittels Depolarisationsbildgebung detektieren lassen und ob sich visuell ähnlich
erscheinende, jedoch nicht-relevante Verfärbungen in Ihrer Depolarisation von diesen
Läsionen unterscheiden.
Vor dem Hintergrund der Randspaltkaries, die am Füllungsrand von Zahnrestauration
auftreten können, soll die Eignung der OCT hinsichtlich der Beurteilung von Kom-
positrestaurationen untersucht werden. Ziel ist es, frühzeitig Restaurationsdefekte zu
detektieren. Insbesondere die Formation von Randspalten am adhäsiven Verbund ist
hierbei von Bedeutung, da diese Prädilektionsstellen für den oralen Biofilm darstellen.
(Kapitel 8, 9)
Auf Grundlage dieser Teilaspekte wird das übergeordnete Ziel verfolgt, ein neues Verfahren zu
entwickeln, welches die gegenwärtige Lücke der Diagnostik initialer Kariesstadien mit Reminera-
lisierungspotenzial schließt. In diesem Kontext stellt die in dieser Arbeit vorgestellte Anwendung
und Weiterentwicklung der Depolarisationsbildgebung einen essentiellen Baustein (“proof of
concept”) für die Implementierung des Verfahrens in intraoral-anwendbare Applikatoren dar.
Dabei wird weiterführend an der Entwicklung neuer Sonden geforscht, die erstmalig die direkte
Bildgebung des Approximalraumes erlauben und zur Inspektion suspekter Okklusalflächen
eingesetzt werden können.
13
14
2
Anwendung von optischen und spektroskopischen
Verfahren für die In-vitro-Charakterisierung von
kariösen Läsionen
F. Tetschke, L. Kirsten, J. Golde, J. Walther et al.
Die Publikation in diesem Kapitel beschreibt die Anwendung optischer und spektroskopischer
Verfahren zur Charakterisierung kariöser Läsionen bei extrahierten Zähnen. Als Verfahren
wurden die Hyperspektralbildgebung (HSI, engl. Hyperspectral Imaging ), die OCT und die
Raman-Spektroskopie gewählt. Ziel der Arbeit war es, einen Überblick über die mit verschie-
denen Kariesstadien verbundenen Änderungen auf molekularer (Raman-Spektroskopie) und
struktureller (OCT) Ebene zu gewinnen, sowie Änderungen in Absorptions- bzw. Reflektionsei-
genschaften (HSI) zu erfassen. Dabei wurden vier extrahierte Zähne mit gesundem Schmelz,
initialer Demineralisation (“white spot”), arretierter Schmelzläsion (“brown spot”) und einer bis in
das Dentin-reichenden Kavität untersucht.
Zusammenfassung der Ergebnisse
Gesunder Schmelz und initiale white spot Läsionen besitzen ähnliche Absorptionseigenschaften
im VIS und NIR Bereich. Verfärbungen in fortgeschrittenen Läsionen zeigen im NIR Bereich
eine geringe Absorption und erscheinen dadurch transparent. Das Raman-Spektrum zeigt
bei gesundem Schmelz ein Phosphat-assoziiertes Bandenmaximum bei 959 cm−1. Diese
Bandenintensität ist bei vorliegender Läsion reduziert. Die OCT ermöglicht die tiefenaufgelöste
Darstellung der dentalen Mikrostruktur im µm-Bereich. Bereits frühe Demineralisationen lassen
sich in der OCT- Schnittbilddarstellung erkennen.
Schlussfolgerungen
Die in dieser Arbeit verwendeten Verfahren erlauben eine Unterscheidung zwischen gesundem
und kariösem Schmelz. Dabei können aus allen drei Verfahren zusätzliche Informationen zu
chemischen, optischen und morphologischen Eigenschaften von kariösen Läsionen abgeleitet
werden, die mit bisherigen, klinisch- etablierten Methoden nicht erfasst werden können. Insbe-
sondere die OCT könnte sich für den klinischen Einsatz zur Kariesdiagnostik eignen, da sie eine
Bildgebung früher Kariesstadien ermöglicht. Für eine erfolgreiche klinische Anwendung sind
jedoch weitere Entwicklungen zur Implementierung der Technologien in mobile Handstücke /
Endoskope notwendig.
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Abstract: The detection of the beginning demineralization 
process of dental hard tissue remains a challenging task 
in dentistry. As an alternative to bitewing radiographs, 
optical and spectroscopic technologies showed promising 
results for caries diagnosis. The aim of the present work is 
to give an overview of optical and spectroscopic proper-
ties of healthy and carious human teeth in vitro by means 
of Raman spectroscopy (RS), optical coherence tomogra-
phy (OCT) and hyperspectral imaging (HSI). OCT was able 
to represent microstructural changes below the enamel 
surface and revealed increased scattering for white spot 
lesions and a white scattering trail for deeper lesions. HSI 
showed similar absorbance characteristics for healthy 
and demineralized enamel over the entire spectrum and 
a characteristic absorbance peak at 550 nm for discolored 
lesions. Already at early carious stages (white spot), we 
found a distinct loss of hydroxylapatite-related intensity 
at 959  cm−1 in demineralized regions with RS. Healthy 
and demineralized tooth surfaces can be distinguished at 
different signal levels by means of RS, OCT and HSI. The 
presented modalities provide additional information to 
the current clinical diagnosis of caries such as microstruc-
tural changes, quantification of the demineralization and 
imaging of caries-related chemical changes.
Keywords: caries diagnosis; hyperspectral imaging; 
optical coherence tomography; Raman spectroscopy.
Introduction
In clinical practice, carious lesions are detected by visual 
and tactile examination. The diagnosis of caries at regions 
that are difficult to observe, such as proximal or occlusal 
lesions (“hidden caries”), is supported by bitewing radio-
graphs. However, diagnosis based on radiographic exami-
nations is reliable once the carious infection has already 
extended into the dentinal layer. Due to low contrast for 
demineralization at the enamel surface, the detection of 
early carious lesions remains a challenging task in den-
tistry. As the determination whether the lesion is active or 
inactive plays a prominent role in the decision for inva-
sive treatment, the observation of its progression and the 
assessment of the penetration could help in beneficial 
decision-making. Due to the exposure of ionizing radia-
tion, radiographic imaging is not applicable for the moni-
toring of the short-term progression of a lesion. Alternative 
methodologies for early caries detection using non-radi-
ative sources such as fluorescence-based methods [1–4], 
near-infrared (NIR) imaging [5–8] or optical coherence 
tomography (OCT) [9–13] have been presented in several 
studies. The presence of caries is accompanied by dis-
tinct changes in the fluorescence spectra and can either 
be detected by loss of autofluorescence of the enamel [14] 
or by increase of bacteria-induced fluorescence, related to 
the presence of porphyrin derivatives [15]. Similar to ultra-
sound imaging, OCT is an imaging modality that allows 
to capture depth-resolved cross-sectional images with a 
high spatial resolution in the range of a few micrometer. 
Instead of using ultrasound waves, OCT uses low coherent 
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light in the NIR range for the imaging of translucent mate-
rials. Based on its superior resolution compared to ultra-
sound or X-ray, OCT is suitable for noninvasive detection 
of microstructural changes in dental hard tissue and has 
been proved to be a valuable technology for caries detec-
tion, even for proximal lesions [16].
Spectral imaging modalities such as hyperspectral 
imaging (HSI) expand the analysis of relevant chemi-
cal information from single point measurements by the 
simultaneous measurement of spatially and spectrally 
resolved data. Studies using multi- and hyperspectral 
approaches for dental imaging take advantage of the 
relatively low attenuation coefficient of enamel in the 
NIR range [17, 18]. Hereby, specific spectral bands have 
been identified as potential markers for early caries 
detection [19, 20] and dental hard tissue was classified by 
multivariate analysis of spectral properties [21, 22]. As a 
complementary methodology for basic research, Raman 
spectroscopy (RS) reveals the chemical composition and 
is a highly selective technique for the analysis of molecu-
lar species. This makes RS predestinated for the investi-
gation of fundamental processes in caries development 
[23, 24].
The aim of the present work was to give insight into 
optical and spectroscopic properties of carious and 
healthy teeth, based on measurements with new imaging 
and spectroscopic modalities that are currently discussed 
to have a promising clinical benefit; namely, OCT, HSI and 
RS were used for characterization. In order to give a direct 
comparison, all three modalities were applied at the same 
teeth for the first time, showing different stages of carious 
infection. In this discussion, we outline the strength of the 
applied modalities and discuss the limitations of the pre-
sented measurement techniques.
Methods
Subjects
One human healthy tooth and three human teeth with proximal 
lesions were investigated. The teeth were extracted in clinical rou-
tine at the university hospital of the Technical University of Dresden 
at the clinic of operative and pediatric dentistry and were stored in 
a distilled water-thymol solution to prevent dehydration. The inves-
tigated teeth showed the following, clinically visible characteristics 
(Figure 1):
1. Tooth A: incisor without visible defects at the enamel surface.
2. Tooth B: molar tooth with initial demineralization (white spot 
lesion).
3. Tooth C: premolar tooth with discolored demineralization 
(brown spot lesion).
4. Tooth D: incisor with cavitated carious lesion.
Optical coherence tomography
OCT was used for the acquisition of cross-sectional brightness-
mode scans (B-scans) across the lesion body (Figure 2). Based on 
the acquired B-scans, three-dimensional (3D) representations of 
the measured field of view were computed. Hereby, a field of view 
of 10 mm × 10 mm covering the lesion was measured with a custom-
built swept-source OCT system. The detailed description of the sys-
tem can be found in a previous published work [25]. In brief, the 
system uses a Fourier domain mode locked laser with a central wave-
length of 1300 nm (120 nm bandwidth) and a repetition rate of 60 kHz 
and provides an axial resolution of 13.5 µm and a lateral resolution of 
11.5 µm. OCT volume stacks were acquired with a scan rate of 60 kHz. 
Contrast adjustment and 3D visualization were performed using the 
open source image processing software Fiji [26].
Hyperspectral imaging
Hyperspectral images of the whole tooth were recorded in the spec-
tral range from 500  nm to 1000  nm with a complementary metal-
oxide-semiconductor (CMOS)-based linescan camera (Diaspective 
Vision GmbH, Pepelow, Germany). Hereby, light from three 40  W 
quartz tungsten halogen bulbs (OSRAM GmbH, München,  Germany) 
is reflected from the tooth surface and collected by a 75-mm lens 
(Azure Photonics, USA., Inc., San Ramon, USA) at a distance of 
37  cm. The reflected light passes through an entrance slit to the 
spectrometer unit and is captured with one spectral and one spatial 
dimension at the sensor. The second spatial dimension is generated 
by internally moving the entrance slit with a stepper motor over the 
object. The acquired hyperspectral datacube has the dimension of 
480 × 640 × 100 (X × Y × λ) samples. Preprocessing of the measured 
data was performed according to [27]. In brief, the measured reflec-
tance R was normalized to R
n
 by
 ,n
R D
R
W D
−
=
−
 (1)
where W denotes the white image from a reflectance standard 
(SphereOptics, GmbH, Oberhuldingen, Germany) and D denotes the 
dark image, acquired with closed shutter. Based on the normalized 
reflectance, the absorbance A was calculated as
 10(log ).nA R= −  (2)
For each tooth, 30  spectra were manually selected at the specific 
lesion area and the mean spectra were calculated for each lesion. 
Additionally, absorbance images at 550 nm, 750 nm and 950 nm were 
calculated, representing the green, red and the invisible NIR region.
Raman spectroscopy
Raman spectra were measured at each tooth at specific regions 
of the lesion. The samples were excited with a 785-nm diode laser 
and focused by a 50 × /0.75  microscope lens leading to a focal spot 
of 20  µm. The spectral resolution of the system is 4  cm−1. Further 
details of the system are given in a previously published study [28]. 
The Raman signal was measured in reflectance mode in the range 
400–3250  cm−1. Forty single measurements were acquired for each 
spectrum. Preprocessing of the spectra included background subtrac-
tion, artifact removal and vector normalization (euclidean 2-norm).
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Results
Optical coherence tomography
Figure 2 shows 3D OCT representations of the whole field 
of view and specific B-scans (blue boxes) at the lesion body 
of the investigated teeth. The corresponding scan direction 
of the B-scan is marked as dotted line in the 3D representa-
tion. In all OCT images, Fresnel reflection at the smooth 
surface of the teeth can be observed as a surface layer with 
a high magnitude of intensity. The boundary between 
enamel and dentin (enamel-dentin junction, EDJ) is char-
acterized by a contrast change, proceeding parallel to the 
tooth surface (Figure 2A, blue box). The crack that can 
be seen in the 3D representation (asterisk) appears in the 
mesio-distal scan as a high scattering reflex at the surface 
with extinction of the underlying intensity. The white spot 
at tooth B (asterisk) can be recognized as a homogeneous 
scattering trail in the B-scan, proceeding from the surface 
toward the EDJ (Figure 2B, blue box). By contrast, the 
brown spot lesion at tooth C causes a shadow at the under-
lying enamel layer in the correspondent B-scan (Figure 2C, 
blue box). Furthermore, periodic alternating high and low 
intensity bands can be found at the occlusal region of the 
tooth that might appear due to the highly polarized light 
and birefringent (BF) structures in the enamel layer. Tooth 
D shows a proximal carious lesion with penetration to the 
inner dentin. The alteration of the surface is visible in the 
3D representation in Figure 2D. The B-scan of the lesion 
reveals a distinct loss of minerals and a high scattering 
band at the body of the lesion (asterisk). The dotted white 
line in the B-scan indicates the natural border of the tooth.
Hyperspectral imaging
Absorbance spectra of healthy enamel obtained by HSI 
show no distinct spectral bands except for a slight decrease 
of absorbance between 500 nm and 700 nm, followed by a 
slight increase in the NIR region >700 nm (Figure 3A). As 
can be seen in the absorbance images at tooth A, no signifi-
cant contrast change appears due to the relatively constant 
absorbance. Spectral characteristics of white spot lesions 
are similar to healthy enamel, but in general show lower 
Figure 1: Photographs of the investigated teeth showing no visible defects (A), initial demineralization (B), discolored demineralization (C) 
and cavitated carious lesion (D).
The magnification of the lesion in the dashed rectangle is shown below the tooth.
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absorbance values over the entire spectrum (Figure 3B). 
The lower absorbance of the white spot is reflected in darker 
regions compared to the surrounding healthy enamel in the 
absorbance images of tooth B. Spectral characteristics of 
brown spot lesions show increased absorbance values in 
the visible spectrum (VIS) region with a maximum around 
550 nm. The lesion body appears with high contrast at the 
correspondent absorbance image at 550 nm. With increas-
ing wavelength, this contrast disappears due to similar 
absorbance characteristics between healthy enamel and 
the brown spot lesion in the NIR range. Absorbance of an 
advanced carious lesion with progression into the inner 
dentin is similar to the brown spot lesion. It is character-
ized by an initial maximum around 550 nm followed by a 
strong decrease in the visible wavelengths. However, the 
absolute value of the maximum is higher compared to the 
brown spot lesion, which is prominent in the absorbance 
image at 550 nm.
Raman spectroscopy
The Raman spectra of the investigated teeth are rep-
resented in Figure 4. The upper right edge of Figure 4 
shows a detailed view of the region between 900  cm−1 
and 1150 cm−1, correspondent to the dotted blue box at the 
entire spectrum.
The Raman spectrum of healthy, mineralized enamel 
at tooth A (red spectrum in Figure 4) shows a characteris-
tic spectral band with a maximum intensity at 959 cm−1, 
which is associated with the symmetric P-O stretching 
mode (ν
1
) [29]. Furthermore, variations at 590  cm−1 and 
1044 cm−1 (antisymmetric stretching modes ν
3
, ν
4
 of P-O) 
can be clearly seen even though their intensity is signifi-
cantly lower.
In the early stage of demineralization (white spot at 
tooth B), the band intensities decrease. With progression 
and pigmentation of the lesion, the effect of decreasing 
Figure 2: OCT-based 3D representations and B-scans of the investigated teeth (A–D).
The blue-dotted line indicates the scan direction of the correspondent B-scans (blue boxes). E, enamel; D, dentin; EDJ, enamel-dentin 
junction; C, cementum; BF, birefringence.
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intensities becomes more apparent (Figure 4, yellow 
spectrum). Dissolving of the enamel layer at the cavi-
tated lesion at tooth D causes almost a complete loss of 
the intensities at all characteristic bands (Figure 4, purple 
spectrum).
Discussion
The detection of early demineralization and characteriza-
tion of carious states is eminent for a successful treatment 
of remineralizable lesions and the preservation of natural 
enamel. As a basis for further developments in the field 
of caries diagnosis, optical properties of different caries 
states were compared in this work by promising optical 
and spectroscopic modalities, namely OCT, HSI and RS. 
The results show that OCT is a useful modality for the 
detection of alterations of the dental microstructure. The 
early acid-induced decay of the crystalline structure can 
be identified in the OCT B-scan of tooth B as increased 
intensity proceeding beneath the surface and is in agree-
ment with the findings of other authors [9, 29, 30]. Based 
on the OCT B-scan, the apparent microcrack at tooth 
A can be identified as a craze line solely progressing at 
the enamel surface, with no need for further treatment. 
The assessment of the extent of pathologic changes is a 
considerable information that is not accessible by visual 
inspection and is suggested to be an applicable indicator 
Figure 3: Single absorbance spectra (colored lines) and mean spectra (black dotted line) of healthy enamel (A) and at the specific lesion 
areas (B–D).
For each tooth, three absorbance images at 550 nm, 750 nm and 950 nm are shown correspondent to the blue dotted lines in the 
absorbance spectra.
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for the measurement of lesion severity [30]. OCT-based 
imaging of dental hard tissue allows the dentist to estimate 
structural changes at a very early stage, even before they 
become apparent in a radiographic examination. In addi-
tion, OCT imaging enables the monitoring of  short-term 
progression without ionizing radiation [31].
HSI measurements combine morphological imaging 
with additional chemo-physical information, obtained by 
the analysis of the underlying spectra for each pixel. Very 
early demineralization of enamel at tooth B (white spot) 
results in decreased absorbance and accordingly in higher 
reflectivity (appearance of the lesion as “white spot”). 
This effect can be explained by the increased backscatter-
ing of incident light at the lesion surface, due to higher 
porosity that has been caused by the diffusion of calcium, 
phosphate and carbonate [32].
In contrast to the constant absorbance over the entire 
spectrum of healthy enamel and white spot lesions, dis-
colored and cavitated lesions are visible in the VIS region 
with a maximum absorbance around 550  nm but disap-
pear in the NIR wavelengths. The different spectral char-
acteristics between non-cavitated lesions (particularly 
between white and brown spots) were previously reported 
by Buchalla [33] and are associated with the presence of 
porphyrin derivatives in discolored lesions [34]. As the dis-
coloration of the lesion depends on several factors such 
as the progression of bacterial infection and particularly 
the incorporation of stains, absolute absorbance values 
should not be considered as a meaningful indicator for 
the assessment of caries severity. However, particularly in 
the presence of discolorations at the occlusal fissure, dif-
ferentiation between an underlying carious infection and 
an incorporation of oral stains is often difficult. Hereby, 
imaging in the NIR region, where stains almost become 
transparent, might be a useful diagnostic tool for the 
assessment of the presence of an underlying deminerali-
zation [35].
By using a cost-effective setup, consisting of a com-
mercial HSI system with a silicon detector in combination 
with sophisticated algorithms for spectral analysis, HSI 
may become an accessible approach not only for caries 
detection, but eventually also in other dental fields, such 
as periodontology or implantology. As a prominent spec-
tral property of caries, fluorescence characteristics can be 
found at bacterial infected lesions. Extensive work in this 
field was done by Buchalla et al. who found that infected 
dental tissue shows porphyrin associated red fluorescence 
when excited with violet light at 405 nm [4, 33, 36]. Previ-
ous works also showed that imaging of incipient lesions 
in the wavelength range >1000 nm with Indium gallium 
arsenide (InGaAs)-based cameras showed increased con-
trast and penetration depth due to the relatively low atten-
uation coefficient of enamel in this spectral region [37, 38]. 
It was found that detection of water evaporation dynam-
ics in the short wave infrared (IR) range in combination 
with an appropriate water model could further enhance 
the contrast [39]. With the ongoing rapid development of 
sensors, technology will eventually outweigh the current 
drawbacks of a high cost InGaAs cameras with relatively 
low spatial resolution.
RS enables the detection of basic structural compo-
nents and their chemical bondings with high molecular 
sensitivity and can be applied for the chemical characteri-
zation of the “sound” environment of the oral cavity as a 
reference area [24, 40].
The reduced band intensity around 959 cm−1 showed 
to be a sensitive indicator for the early mineral loss at the 
enamel surface [23] and is associated with the mineralized 
enamel with maximum content of hydroxyapatite. Even 
though RS cannot be used as an imaging modality in clini-
cal practice due to the comparable time-consuming meas-
urement, it may pave the way for dental research to identify 
influencing factors of the developmental process of caries. 
Therefore, advances have been made over the last few 
years, also to integrate RS measurements in optical fiber 
probes, enabling in vivo measurements [23, 41, 42].
Conclusion
In the present work, optical properties of healthy and 
affected teeth were investigated by emerging optical and 
spectroscopic methods. It has been shown that OCT is 
useful for the identification of depth-resolved changes in 
Sound enamel (tooth A)
2000
1500
1000
500
0
500 1000
N
o
rm
a
liz
e
d
 i
n
te
n
s
it
y
 (
a
.u
.)
1500 2000 2500 3000
2000
1800
1600
1400
1200
1000
800
600
400
200
0
900 950 1000 1050 1100 1150
Wavenumber (cm–1)
White spot lesion (tooth B)
Brown spot lesion (tooth C)
Cavitated caries (tooth D)
Figure 4: Raman spectra of healthy enamel (tooth A, red spectrum), 
white spot lesion (tooth B, blue spectrum), brown spot lesion (tooth 
C, yellow spectrum) and cavitated lesion (tooth D, purple spectrum).
A detailed view of the marked region between 900 cm−1 and 
1150 cm−1 is shown in the upper right corner.
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the range of microns and thus reveals a more detailed view 
of dental hard tissue than it can be obtained by a stand-
ard radiographic examination. As caries-induced decay is 
characterized by microstructural changes, this technology 
could add helpful information for the detection of caries at 
an early stage. As a complementary method, HSI extends 
familiar, camera-based imaging with spatially resolved 
representation of chemo-physical information. We found 
similar characteristics in the VIS-NIR wavelengths for 
sound enamel and the early demineralization. Discolored 
lesions showed a characteristic maximum absorbance in 
the VIS range and became transparent when observed in 
NIR wavelengths. In order to discriminate between differ-
ent stages of carious infection and inactive discolorations, 
further work has to be focused on the analysis of hyper-
spectral data and the automated classification of carious 
stages. As a third approach, RS was applied and showed 
high sensitivity at several Raman shifts. The represen-
tation of a wide range of biological relevant molecules 
with Raman measurements enables in identifying and 
studying modifications of prominent parameters in caries 
development.
In order to benefit from the presented technologies 
in clinical practice, the integration in a handheld probe 
for measurements in the oral cavity is an essential step 
toward clinical studies.
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In-vivo-Bildgebung im Mundraum mit
endoskopischer OCT
J. Walther, C. Schnabel, F. Tetschke, T. Rosenauer et al.
Wie bereits im vorangegangenen Kapitel geschlussfolgert, ist die Entwicklung von Applikatoren
zur intraoralen Anwendung ein essentieller Schritt für den Transfer von neuen Technologien in
die klinische Praxis. Die Eignung eines Systems für eine zuverlässige Diagnostik kann erst dann
abschließend beurteilt werden, wenn sich die Ergebnisse der In-vitro-Untersuchungen am Patien-
ten reproduzieren lassen. Dabei müssen Aspekte wie Hygieneanforderungen, die Handhabung
durch den Anwender und die mit der Miniaturisierung einhergehenden Kompromisse hinsichtlich
der optischen Komponenten Berücksichtigung finden. Die Arbeit in diesem Kapitel präsentiert
die Integration eines Systems für die intraorale OCT-Bildgebung der Zahnhartsubstanz und der
Mundschleimhaut in ein kommerziell verfügbares Endoskop.
Zusammenfassung der Ergebnisse
Es erfolgte die Anpassung eines Endoskopes für die OCT-Bildgebung, mit dem eine Anwendung
am Patienten bis zur Bukkalfläche des zweiten Molaren möglich ist. Das Endoskop liefert dabei
ein Sichtfeld (FOV, engl. field of view) von 4,8 mm und eine ausreichend gute Auflösung (axial /
lateral: 11 µm / 17,5 µm) um charakteristische Strukturen des oralen Weich- und Hartgewebes
darzustellen. Die Anwendung in einer Probandenstudie ermöglichte unter anderem die Bildge-
bung von Kompositdefekten, freiliegenden Zahnhälsen, Fluorosen und Gewebsschichten der
Mundschleimhaut.
Schlussfolgerungen
Die Entwicklung des Applikators stellt einen wichtigen Schritt für erste klinische Studien dar. Ein
weiterer Prototyp wird bereits in einer klinischen Studie bei der Untersuchung von Mundschleim-
hautveränderungen und der Charakterisierung von Tumorgewebe eingesetzt. Die Charakteri-
sierung des oralen Hart- und Weichgewebes mit endoskopischer OCT liefert dabei zusätzliche
Informationen über die Mikrostruktur der Zahnhartsubstanz, die eine sinnvolle Ergänzung im
klinischen Entscheidungsprozess darstellen kann.
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Abstract. The common way to diagnose hard and soft tissue irregularities in the oral cavity is initially the visual
inspection by an experienced dentist followed by further medical examinations, such as radiological imaging
and/or histopathological investigation. For the diagnosis of oral hard and soft tissues, the detection of early trans-
formations is mostly hampered by poor visual access, low specificity of the diagnosis techniques, and/or limited
feasibility of frequent screenings. Therefore, optical noninvasive diagnosis of oral tissue is promising to improve
the accuracy of oral screening. Considering this demand, a rigid handheld endoscopic scanner was developed
for optical coherence tomography (OCT). The novelty is the usage of a commercially near-infrared endoscope
with fitting optics in combination with an established spectral-domain OCT system of our workgroup. By reaching
a high spatial resolution, in vivo images of anterior and especially posterior dental and mucosal tissues were
obtained from the oral cavity of two volunteers. The convincing image quality of the endoscopic OCT device is
particularly obvious for the imaging of different regions of the human soft palate with highly scattering fibrous
layer and capillary network within the lamina propria. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
.1117/1.JBO.23.7.071207]
Keywords: optical coherence tomography; endoscopic imaging; dentistry; medical and biological imaging optics; medical optics instru-
mentation; tissue.
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1 Introduction
Visual examination is usually the first step toward diagnosis
of diseases within the oral cavity, such as carious lesions,
periodontitis, oral inflammation, dysplasia, and malignancies.
Sometimes, the recognition and diagnosis of altered tissue, even
by an experienced physician or dentist may be difficult and
imprecise, especially in early stages of pathologic phenomena.
Due to the multiplicity of diseases of the oral cavity, commonly
coupled with changes in tissue structure, high resolution diag-
nostic imaging modalities in routine clinical dentistry and
maxillofacial surgery are beneficial for the detection and treat-
ment of lesions. Current imaging modalities in dentistry include
conventional x-ray radiography, computed and digital volume
tomography (CT, DVT), magnetic resonance tomography (MRI),
and sonography (ultrasound, US) for the in vivo diagnosis of
altered tissue in the oral cavity. While all of those imaging tech-
niques are well established, the diagnosis of submillimeter struc-
ture is still difficult (for e.g., US) or rather expensive in clinical
routine (e.g., CT/DVT, MRI). Present reliable diagnosis of
pathological changes in soft tissues, such as the oral mucosa,
gingiva, and tongue, normally requires repeated biopsy and
histological examination of conspicuous lesions with the draw-
back of delayed detection of malignant changes for curative
treatment. In addition, versatile appearance of mucosal tissue
alterations, in combination with absent routine inspection of
patients for oral lesions, may lead to late diagnosis. Therefore,
effective diagnostic modalities would be of exceptional clinical
relevance. Latest established optical imaging methods for in vivo
detection of mucosal changes are spectroscopy and confocal im-
aging, which are still challenging in clinical routine due to small
field-of-views (FoV) and low penetration depths. A complemen-
tary imaging technique is optical coherence tomography (OCT)
providing cross sections (B-scans) and volume views of tissue
microstructures of depths up to 1 to 2 mm with the feature of
detecting changes in tissue scattering.1–4 Even though OCT does
not deliver subcellular resolution or molecular contrast, it has
the potential of label-free optical biopsies of tissue in vivo by a
simple noninvasive subsurface view to assess depth structures of
oral soft and hard tissue lesions. Most research has presented the
feasibility of OCT in various preclinical animal5–7 and human8–10
oral cavity studies. Although OCT enables functional imaging,
such as Doppler OCT,11–13 polarization-sensitive OCT14–16 and
spectroscopic OCT,17,18 the core strength of oral examination
by OCT convincingly lies in the easily applied morphological
imaging valued by a physician similar to US examinations.
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In dental research, as a main field of application with regard
to the oral cavity, OCT has become a promising approach for the
investigation of the dental microstructure. So far, the majority of
studies using OCT in dentistry are based on ex vivo investiga-
tions, either with artificial alteration models or at inactive lesions
on extracted teeth. Nevertheless, a small number of promising
dental OCT studies dealing with the in vivo detection of caries
lesions can be found.19–23 Compared to the current gold standard
of radiographic examination, OCT provides a higher spatial
resolution and contrast for hard tissue and allows the discrimi-
nation of enamel and dentin, as well as the recognition of the
dentin–enamel junction (EDJ).24,25 Furthermore, de- and remi-
neralization processes can be measured26,27 and thus makes
OCT suitable for the spatially resolved detection of early patho-
logic changes.28–31 Moreover, OCTovercomes the drawbacks of
superimposed imaging with ionizing radiation and enables the
observation of short-term progression in carious dental hard
tissue.32,33 Since the decision for or against invasive treatment
is dependent on the progress of a lesion, this information could
be of great value for the clinician.34 On the other hand, the appli-
cation of OCT is limited by the relatively low penetration depth,
compared to the radiographic imaging.
In oral cancer diagnosis, as another application field regard-
ing the oral cavity, the structural imaging by OCT for early and/
or differentiating detection of malign tissue has to be assessed
critically. OCT provides assessment of the entire epithelium and
partly the underlying lamina propria (LP) and has the potential
to distinguish normal from pathologic mucosal tissue of differ-
ent entities.5,6,35–39 The distinction between normal and patho-
logic tissue is mainly based on the measurement of the
epithelial thickness, the identification of the adjacent basement
membrane, and the vasculature within the LP, as well as the
changed backscattering behavior of the altered tissue lesions.
The most promising approach in this context is the potential
for biopsy guidance by OCT in conjunction with an improve-
ment of diagnostic accuracy of biopsies.40–42
Since OCT is a promising imaging modality for the noninva-
sive in vivo examination of oral soft and hard tissue, the demand
for intraoral miniaturized or rather endoscopic OCT (EOCT)
optics is substantial especially for the accessibility of the pos-
terior oral cavity.43 Although a variety of impressive EOCT sol-
utions are proposed in flexible catheter-based configuration,44,45
especially for intravascular,46 bronchial47 as well as gastrointes-
tinal diagnosis,48,49 in rigid implementation, in particular, for
otorhinolaryngology50–52 and in needle-like design for intratis-
sue examinations in cancer diagnosis,53–56 developments of
intraoral OCT probes adapted to the oral cavity can only be
found occasionally.57–59 So far, rigid handheld endoscopic
probes,20,60–63 miniaturized probes,64,65 and rotary pullback
catheters66,67 are developed in forward and side viewing con-
figuration, as well as in contact and noncontact mode for intrao-
ral measurements, which is a crucial step for the application of
OCT methodology in clinical practice. In our judgment, most of
the reported rigid OCT systems allow the imaging of the well
accessible buccal mucosa, the hard and anterior soft palate as
well as different parts of the tongue, but none of them has dem-
onstrated contactless OCT images of different areas of the pos-
terior oral mucosa (e.g., palatoglossal arch and fold) with highly
resolved structures of the connective tissue and molars in vivo.
The aim of the present study is to expand intraoral applica-
tion of OCT by a simple adaption of a commercially available
endoscope. The development of a handheld endoscopic forward
viewing OCT probe enables high quality two- and three-dimen-
sional imaging of teeth and mucosa of the anterior and posterior
oral cavity to pave the way for in vivo noninvasive tissue biopsy.
The potential of the presented imaging system is demonstrated
by in vivo measurements of healthy oral mucosa and conspicu-
ous parts of teeth by means of two volunteers.
2 Endoscopic System Setup
2.1 Specification of the Rigid Endoscopic Optics
In this research, the rigid endoscopic optics used for OCT im-
aging of the oral cavity is a commercially available near-infrared
(NIR) endoscope from Karl Storz GmbH & Co. KG. The NIR
endoscope has an insertion diameter of 10 mm, a length of
200 mm, and an angle of view of 0 deg (instrument axis con-
sistent with optical axis) and is assumed to be based on afocal
optics with a 0.25-fold magnification. For a center wavelength
of λcenter ¼ 580 nm, a lateral resolution of Δx ¼ 62.5 μm at a
working distance of WD ∼49 mm is determined by means of
an externally illuminated USAF resolution test target (USAF-
1951-target) in combination with a proximally positioned
VIS camera focused to infinity. In order to get a focus on the
distal side of the endoscope and to increase the lateral resolution,
the optics in front of the proximal end of the endoscope was
simply adapted. As a result, a lateral resolution of Δx ¼
12.4 μm at WD ∼7.5 mm and λcenter ¼ 580 nm is achieved
[cf. Fig. 1(b)], which corresponds to Δx ¼ 17.9 μm for the
NIR wavelength range with λcenter ¼ 835 nm under the
assumption of Δx ∼ λcenter. The FoV in dependency on WD is
determined by a millimeter paper test chart with the result of a
linear relationship with a slope of m ¼ 1.1, as shown in
Fig. 2(c).
2.2 Endoscopic Optical Coherence Tomography
System Setup
The OCT system used in this study is spectrometer-based and
consists of a fiber-coupled superluminescent diode (SLD-371-
HP1, Superlumdiodes Ltd., Ireland) with a central wavelength
of 835 nm and a FWHM of 50 nm, an optical circulator (CIR-
0850-40-APC, Thorlabs GmbH, Germany), a fiber-coupled
Michelson interferometer and a self-developed spectrometer
with a wavelength range from 802 to 867 nm. As presented
in Fig. 3, the scanning EOCT probe is equipped with a collima-
tor C1 (Schäfter + Kirchhoff GmbH, Germany), two galvanom-
eter scanners GSx and GSy (Cambridge Technology Inc., USA)
for 2-D beam deflection, a lens combination consisting of two
achromats L1+L2 for light coupling (Edmund Optics GmbH,
Fig. 1 By adapting the proximal optics for light coupling, a lateral res-
olution of Δx ¼ 12.4 μm of the commercial NIR endoscope from Karl
Storz GmbH & Co. KG is measured by means of a proximal VIS cam-
era in combination with the USAF resolution test target, which is posi-
tioned at a working distance of WD ∼7.5 mm and illuminated by a
center wavelength of λcenter ¼ 580 nm.
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Germany), the NIR endoscope from Karl Storz GmbH & Co.
KG, and an additional objective lens L3 (AC050-008-B,
Thorlabs GmbH, Germany; at 4-mm distance to the distal
end of the endoscope) for telecentric OCT imaging. As seen,
the difference in glass content between sample and reference
arm is not compensated optically but numerically in the
processing.68,69
The optical components C1, GSx, GSy, L1 and L2 are inte-
grated in a base body made of polylactide (PLA), at which the
chosen endoscope, a CCD VIS camera, and an ergonomic han-
dle are mounted, as shown in Fig. 4(a). Lens L3 is pasted into an
additional adapter made of stainless steel by two set screws (M2)
and secured by optical glue (Vitralit®1655, Panacol-Elosol
GmbH, Germany). Since the distal lens allows imaging only
in a small range, a CCD camera (acA1600-20uc, Basler AG)
is installed at the base body of the handheld scanner head for
online off-axis video guidance by means of an overview image
of the oral cavity [cf. Fig. 4(a), yellow beam path], which is
displayed on the integrated LCD screen (LCDInfo Oy,
Finland). The custom-developed spectrometer, operating at a
read-out rate of 11.88 kHz for one A-scan, is mounted in an
OCT table device [cf. Fig. 4(b)] along with the SLD and the
optical circulator, as well as the drive electronics of the galva-
nometer scanners and electronic control of the line scan detector
(Dalsa IL C6, Teledyne DALSA Inc., Canada).70 The control
of the system, the data acquisition, and online display are
Fig. 2 (a,b) Endoscopic VIS images of a millimeter paper test chart, which is illuminated by the integrated
illumination system of the endoscope, for measuring the relation between the FoV and the WD. (c) At the
favorable WD of 5 to 10 mm, the FoV with fan-shaped beam increased linearly from 8.3 to 14.5 mm.
Fig. 3 (a) Scheme of the principle OCT setup. SLD, 5-mW superluminescent diode with λcenter ¼ 835 nm
and FWHM ¼ 50 nm; OC, optical circulator; FC, wideband fiber coupler with a coupling ratio of 75∶25; C1
and C2, collimators; GS, galvanometer scanners; L1–L4, lenses; endoscope, endoscope from Karl Storz
GmbH and Co. KG; CLS, cold-light source; PC, polarization controller; RM, reference mirror; spectrom-
eter, line rate of 11.88 kHz. (b) Telecentric imaging is realized by an additional lens L3 mounted on the
distal end of the commercial endoscope at 4 mm distance by a custom adapter made of stainless steel.
Fig. 4 Scheme of the measurement setup for the endoscopic investigation of the oral cavity equipped
with (a) the EOCT probe with integrated scanning sample arm, (b) the base OCT device with built-in SLD,
spectrometer, partial fiber optics and system electronics, and (c) a personal computer for the control and
triggering of the electronic components as well as the data display and acquisition.
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controlled by custom software developed with LabVIEW®
(National Instruments Inc., USA) on a personal computer [cf.
Fig. 4(c)]. With typical 480 A-scans per frame (B-scan), the sys-
tem achieves ∼23 frames∕s, which can be processed and dis-
played in real time.
The overall dimensions of the developed scanner head
including the proximal handle are 76 mm × 442 mm ×
251 mm (width × depth × height) with an endoscopic part rel-
evant for the mouth of a length of 200 mm and a diameter of
15 mm tapered to 10 mm at the distal end [cf. Fig. 15 in
Appendix]. The height of the scanner body is mainly defined
by the height of the handle (100 mm) and the height of the
LCD screen (130 mm). With this design, most of the oral cavity
is reached proven by two experienced dentists and one physi-
cian. Limitation of the developed endoscope might occur for
the imaging of the buccal side and the interdental space of sec-
ond and third molars of patients with reduced mouth opening.
The endoscopic probe enables imaging in noncontact and con-
tact mode by using an additional spacer (distance piece), which
is simply mounted on the lens adapter of lens L3 before medical
examination and acts as a disposable item for future clinical use.
Advantageously, the endoscope, considered as an attachment to
the scanner head, can be cleaned and disinfected (by immersing
into 3% Sekusept® aktiv solution, Ecolab Deutschland GmbH,
Germany) in the daily hospital routine. If necessary, steam steri-
lization can be performed by disconnecting the commercial
endoscope.
2.3 EOCT Scanner Performance
In order to evaluate the performance of the developed EOCT
probe with telecentric scanning, several measurements were per-
formed for the quantification of the axial and lateral resolution
ðΔz;ΔxÞ, the FoV, the sensitivity, and the spectrometer-induced
depth-dependent sensitivity loss. The axial resolution of the
OCT system without the endoscopic extension is experimentally
measured to be Δz ¼ 11 μm in air and in good agreement with
the theoretical value of Δz ¼ 10.8 μm. The measurement range
is 2.75 mm. Since the glass content in the sample arm is higher
than in the reference arm, the occurring dispersion mismatch is
numerically compensated for optimal resolution.68,71 This is
achieved by multiplying the spectral data (which is formerly lin-
earized in k-space, zero-padded to 212 pixels and spectrally
shaped) with a compensating phase term e−iφðkÞ.69,72 The empir-
ically determined phase correction amounts to
EQ-TARGET;temp:intralink-;e001;326;752
φðkÞ ¼ a

k − k0
Δk

2
þ b

k − k0
Δk

3
with a ¼ 150 rad and b ¼ 3 rad; (1)
where the coefficient a is the dominant second order term, com-
pensating the group velocity dispersion, and with this, the
broadening of the axial resolution in OCT, and coefficient b
is the very low third-order term eliminating the asymmetric dis-
tortion. k0 is the mean wavenumber and Δk is the half width of
the spectrum captured with the detector, so that the terms within
the brackets of Eq. (1) run from −1 to þ1. The comparison of
the experimentally obtained quadratic term of the compensating
phase shift with data calculated from the Schott glass database
results in glass length from 75 mm of SF66 up to 620 mm of
NFK51A or any appropriate mixture of glasses. As the total
length of the endoscope is 265 mm in addition to lenses in
the base body of the scanner, this result seems to be reasonable.
However, this calculation does not allow a more accurate insight
into the glass composition of the endoscope. The cubic term of
the phase shift gives no additional information on the glass type
as this is ∼2% of the quadratic term for most glasses considering
the spectral range of this OCT system. The experimentally
obtained axial resolution of Δz ¼ 11.6 μm in air (Δz ¼ 8.7 μm
in tissue) is measured by means of the reflection of a glass plate
and corresponds approximately to the one achieved with the
scanner head without endoscope.73 The lateral resolution is mea-
sured by telecentric OCT imaging of the USAF resolution test
target and amounts to Δx ¼ 17.5 μm [cf. Fig. 5(a)], which con-
firms the measurement result in Sec. 2.1. The FoV, achieved
with the telecentric OCT imaging (cf. Fig. 3), is determined
by means of the mm-paper target and results in xmax ¼ ymax ¼
4.8 mm, as depicted in Fig. 5(b).
The sensitivity is obtained from a glass substrate surface
(−14 dB reflector) and amounts to −88 dB. Due to the decreas-
ing resolvability of interference signals with increasing fre-
quency on the line detector of the spectrometer, a signal loss
of 8 dB (sensitivity-roll-off) between zero and maximum
depth is determined.
3 Endoscopic Optical Coherence
Tomography Imaging in the Oral Cavity
3.1 Dental Imaging
The most promising application fields for OCT in dentistry are
(1) the detection of carious lesions and the characterization of
Fig. 5 En face projection of the USAF-1951-target (a) as well as a millimeter-chart (b) detected by tele-
centric EOCT for determining the lateral resolution and the FoV. (c) Corresponding OCT cross-sectional
image (B-scan) of the millimeter-chart endoscopically detected. Scale bar in the cross-sectional image
(c) corresponds to 500 μm in air.
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(de)mineralization processes, (2) the detection of defects at den-
tal restorations, and (3) the assessment of erosion and cracks.
Particularly for the imaging of well-defined boundaries, such
as the interfacial layer between a dental restoration and the natu-
ral tooth surface, OCT might be a beneficial tool for the dentist
to assess internal defects.74,75
For testing the developed EOCT system at dental hard tissue,
two volunteers were examined (A: male 30 years, B: female 33
years). Prior to the OCT measurements, oral examination was
made by an experienced dentist in order to select specific
regions for imaging. Additionally, photographic overviews of
the oral cavity were made for the allocation of the imaged
regions. First, OCT measurements of the incisors of volunteer
A are performed with the handheld scanner head in noncontact
mode. In order to reduce movement artifacts for the imaging of
the premolars and molars, the distal end of the endoscope is
equipped with an attached distance piece, which is positioned
at the region of interest of the tooth.
Figure 6 shows the photograph of the maxillary central
incisors [Figs. 6(a) and 6(b)] as well as the OCT B-scans
[Figs. 6(c)–6(e)] at the corresponding lines in the zoom view
in Fig. 6(b). In Fig. 6(c), the proximal region of tooth 11
and tooth 21 was imaged [at the red line in Fig. 6(b)]. The
EDJ can be recognized by a well-defined, low-scattering
band between the enamel (E) and the dentin (D).19,24,25
Conspicuously, the enamel of both tooth 11 and 21 appears
as light-dark progression containing homogeneous bands of
varying intensity, which is assumed to be caused by the birefrin-
gent properties. In former research, it was shown that enamel
appears as layered structure in polarization-sensitive (PS)
OCT.76,77 Although the light source is not polarized, the system
presented in this work is sensitive to birefringence.78 Figure 6(d)
shows a shadow artifact caused by a strong scattering micro-
crack in the upper region of the enamel [asterisk, cf.
Refs. 31, 79, and 80, at the green line in Fig. 6(b)]. Due to
increased scattering, higher intensities and a reduced penetration
depth of the OCT signal can be observed at the gingiva in
Fig. 6(e) [cf. Refs. 57, 75, and 81, at the blue line in Fig. 6(b)].
The composite restoration (CR) at tooth 11 [cf. magenta
frame in Fig. 6(b)] is characterized by a homogeneous scattering
layer in the OCT B-scans, as presented in Figs. 7(a) and 7(b).
Interfacial gaps (green arrow in a) or even small cracks (green
arrow in b) are visible at different positions in the restoration,
which was found by previous nonendoscopic ex vivo research
results.31,74,82,83 The 3-D representation reveals a roughened
intersectional profile of the restoration (c,d). There, two projec-
tions were chosen: (c) with manually manipulated sectional
view (artificial edges marked in bright green) to image the inter-
facial gap of the composite restoration in the three-dimensional
context and (d) with intact and untreated surface of the imaged
composite-enamel-passage.
Beyond the OCT imaging at the maxillary central incisors,
the first premolars of both volunteers were examined by the
developed EOCT scanner head. The upper row in Fig. 8
[parts 8(a)–8(c)] represents the OCT B-scan and 3-D projection
of the cervical area of tooth 24 in subject B, showing the
exposed dentin at the transition to the gingiva. Furthermore,
a small white spot can be identified in the reduced enamel
layer without clear diagnosis. The OCT examination of the min-
eralization defect at tooth 24 in subject A can be recognized by
a high scattering band in the OCT scan in Figs. 8(d) and 8(e),
appearing in a depth up to 430 μm. Again, the normal enamel
(E) appears as light-dark changes in the right image part in
Fig. 8(d).
EOCT measurements were performed up to the region of
the posterior teeth. A small fracture at the buccal side of
tooth 16 in subject A is shown in Fig. 9. The B-scan and
3-D representation indicate that also the subjacent enamel
layer is affected by the fracture. As already shown at the micro-
crack in Fig. 6(d), a shadowing effect due to higher backscat-
tering of the incident light at the breakage can be found below
the inset fractures.
Fig. 6 (a) Photographic overview and (b) magnification of the maxillary central incisors with correspond-
ing exemplary OCT B-scans of the proximal region between tooth 11 and 21 (c, red), the enamel (E), the
EDJ and the dentin (D) of tooth 11 (d, green) with breakage (asterisk), and the intersection between
enamel and gingiva (e, blue). The OCT measurement was performed in noncontact mode.
Abbreviations: E, enamel; D, dentin; EDJ, enamel–dentin junction; G, gingiva; CR, composite restoration.
Coordinate system in (d) is equivalent in image part (c) and (e). Scale bar in the OCT images (c–e)
corresponds to 300 μm. Indicated dynamic range is valid for all depicted OCT images.
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In addition, occlusal surfaces, such as the mesial-occlusal-
distal composite restoration at tooth 45, in subject A, were
imaged as exemplary presented in Fig. 10. The intersection
between the restoration and the surrounding enamel shows
a smooth transition without major cracks or gaps. The appearing
bright section inside the restoration [cf. Fig. 10(b)] could be
caused by an interlayer, possibly resulting from air entrapments
or from varying scattering properties of adhesive and composite.
Fig. 8 Upper row shows a single exemplary OCT B-scan (a) and generated 3-D scan (b) of the cervical
area of tooth 24 of subject B (c). The OCT examination was performed contactless. Lower row presents
the OCT results of the mineralization defect at tooth 24 of proband A (f) in 2-D (d,e). The second in vivo
OCT measurement (d,e) was realized in contact mode by an additional distance piece (disposable item)
at the distal endoscopic end. Abbreviations: E, enamel; D, dentin; G, gingiva. Scale bar in part (a), (d),
and (e) corresponds to 300 μm. Indicated dynamic range is valid for all depicted OCT images.
Fig. 7 Cross-sectional images (a, b) and 3-D representation (c, d) of the composite restoration (CR)
within the magenta frame in Fig. 6(b). Green arrows show gaps (a) or even small cracks (b) in the resto-
ration. The dental surface of the 3-D display in panel (c) is manually manipulated in the postprocessing
(artificial edges marked in bright green) to provide a more instructive view of the interfacial gap of the
composite restoration. Again, the OCTmeasurement was performed in noncontact mode. Abbreviations:
E, enamel; EDJ, enamel–dentin junction; CR, composite restoration. Scale bar in (a) and (b) corresponds
to 300 μm. Indicated dynamic range is valid for all depicted OCT images.
Fig. 9 Exemplary B-scan (a) and 3-D representation (b) of a fracture at the buccal area of tooth 16 in
subject A. The in vivo OCT imaging was executed in contact mode by the aid of a distal distance piece
(disposable item). Scale bar in (a) corresponds to 300 μm. Dynamic range of the depicted OCT cross-
sectional scans amounts to 50 dB.
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3.2 Imaging of the Oral Mucosa
For characterizing the performance of the handheld EOCT
probe at the oral soft tissue, the mucosa at different parts of
the oral cavity is imaged by means of a healthy volunteer (sub-
ject B in Sec. 3.1: female, 33 years, nonsmoker, occasional use
of alcohol). Of particular interest for OCT imaging is the lining
mucosa, which enables a larger depth of light penetration due to
the absence of a corneous layer in comparison to the masticatory
mucosa, such as the gingiva [cf. Fig. 6(e)], which is covered by
keratinized stratified squamous epithelium. Figure 11 displays
three exemplary B-scans of the buccal mucosa of subject B.
With regard to the structural validation of oral mucosal tissue
in OCT images by Hamdoon et al.,38 the epithelial layer (EP)
has a lower backscattering signal and appears more homogenous
in comparison to the subsequent LP, which is confirmed by the
imaging results in Fig. 11. The lower signal intensity of normal
epithelium is related to the lower optical density and scattering
properties.9 The LP corresponds to a dense fibrous layer with
embedded blood vessels and nerves, which can be clearly differ-
entiated from EP due to the higher backscattering signal and
inhomogeneity in the OCT cross-sections. The EP and LP
are divided by a basement membrane, which appears as a demar-
cation line between the two different backscattering signals of
EP and underlying LP. OCT scans were acquired at the anterior
[cf. Figs. 11(a) and 11(b)] and the posterior [cf. Fig. 11(c)] buc-
cal mucosa. The epithelial thickness of the buccal mucosa is
measured to be maximum 500 μm in the anterior part and of
about 300 μm in the posterior region of the inside of the cheek.
Additionally, the oral mucosa of the tongue and lateral
floor of the mouth is imaged contactless by EOCT. Figure 12
Fig. 10 (a,b) Representative B-scans of a mesial–distal–occlusal
composite restoration at (c,d) tooth 45 in subject A. The in vivo
OCT measurement was realized in contact mode by an additional
distal distance piece (disposable item). Scale bar in (a) and (b) corre-
sponds to 300 μm. Dynamic range of the depicted OCT cross-
sectional scans amounts to 50 dB.
Fig. 11 Single exemplary B-scans of the buccal oral mucosa in vivo, which are detected contactless at
selected regions of the inner surface of the human cheek. (a, b) Buccal oral mucosa toward the human
mouth in the anterior region of the oral cavity. (c) Buccal oral mucosa toward the oropharynx in the pos-
terior region of the oral cavity. The OCT measurement was performed in noncontact mode.
Abbreviations: EP, epithelium; LP, lamina propria. Scale bar: 300 μm. Indicated dynamic range is
valid for all depicted OCT images.
Fig. 12 Single exemplary B-scans showing (a) the oral mucosa in vivo of the inferior surface of the
human tongue (facies inferior linguae), (b) the margin of the tongue (margo linguae), (c) the dorsum
of the tongue (dorsum linguae), and (d) the lateral floor of the mouth. All measurements are carried
out in noncontact mode. Abbreviations: EP, epithelium; LP, lamina propria; B, blood vessel. Scale
bar: 300 μm. Indicated dynamic range is valid for all depicted OCT images.
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demonstrates OCT cross-sectional images of the tongue body
especially the inferior surface (a), the lateral border (b), and
the curved upper surface (dorsum) (c). As a result, the EP thick-
ness of the tongue strongly depends on its location and
lowest for the inferior surface of the tongue with its smooth
mucous membrane and thin stratified squamous epithelium
[cf. Fig. 12(a)]. Additionally, the sublingual vessel network
and the dense fibrous layer within the highly scattering LP
are clearly visible in (a). The oral mucosa of the lateral border
of the tongue in (b) shows a thicker EP, which is clearly differ-
entiated from the subjacent LP with imaged minor and major
blood vessels. In Fig. 12(c), the specialized oral mucosa of
the surface of the tongue shows prominent epithelium ridges
and tongue papillae. Due to the thick keratinized stratified squ-
amous epithelium of the dorsal surface, the imaging depth is
limited for which reason the LP is not visible in the OCT
image [Fig. 12(c)]. An additional example for the lining mucosa
is shown in Fig. 12(d), where the EP and the LP of the floor of
the mouth are demonstrated.
Besides the representative OCT measurements of the buccal
and lingual mucosa, the oral mucosa of the soft palate was
imaged exemplarily with the developed OCT endoscope. For
test purposes, the soft palate and the palatoglossal arch are
examined in contact mode. In Fig. 13, the palatal mucosa is
imaged by EOCT for three different regions of the soft palate.
Figure 13(a) presents the oral mucosa of the anterior soft palate
(toward the posterior border of hard palate), which obviously
contains an LP with highly scattering dense connective tissue.
This may be interpreted as part of the thin firm fibrous lamella
named palatine aponeurosis. Below the dense fibrous layer, sub-
mucosal structures with integrated blood vessels are visible. In
comparison, the oral mucosa detected at the palatoglossal arch is
presented in Fig. 13(b) and shows a comparable EP, a thinner
highly scattering fibrous layer as well as submucosal structures
beneath. The oral mucosa of the transition part from the pala-
toglossal fold to the posterior buccal mucosa shows a varying EP
thickness with a clearly determinable LP [cf. Figs. 13(c), 13(c1),
and 13(c2)].
In addition, the oral mucosa of the palatoglossal arch was
imaged via contactless EOCT. The results are presented in
Fig. 14, where the EP and subsequent LP are obviously
differentiable.
Fig. 13 (a–c) Cross-sectional images of oral mucosa at three selected regions of the soft palate, which
are detected in contact mode. Oral mucosa of the anterior soft palate close to the posterior border of the
hard palate (a) and corresponding overview image of the off-axis camera (a1). Oral mucosa of the central
soft palate (b) and corresponding video guidance image (b1). Oral mucosa of the palatoglossal arch
close to the posterior buccal mucosa in 2-D (c) and 3-D (c1,c2). Abbreviations: EP, epithelium; LP, lamina
propria; B, blood vessel. Scale bar: 300 μm. Indicated dynamic range is valid for all depicted OCT
images.
Fig. 14 Contactless OCT detection of oral mucosa of the palatoglossal arch of the soft palate with two
capillary branches. (a) 2-D OCT with both capillary branches (CN1, CN2) embedded in the papillary layer
of the LP. (b,c) OCT image series of the two capillary branches showing cross-section in front, through,
and after the small capillary network. Abbreviations: EP, epithelium; LP, lamina propria; CN, capillary
network. Scale bar: 300 μm. Indicated dynamic range is valid for all depicted OCT images.
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Moreover, two capillary branches (CN1 and CN2) lying rel-
atively close to each other are detected within the papillary layer
of the LP. Both capillary branches running to the papilla are
detected separately in 3-D. Representative B-scans of the OCT
volume scans are presented as image series in Figs. 14(b) and
14(c), showing the respective cross-section in front, through,
and after the capillary networks CN1 and CN2 within the super-
ficial layer of the LP.
4 Discussion and Summary
In this research, customized EOCT imaging of the anterior and
posterior oral cavity was allowed by adapting a commercially
available NIR endoscope by Karl Storz GmbH & Co. KG.
By developing a scanning optics for 2-D imaging and using
the established SD-OCT system of our workgroup, EOCT
cross-sections of hard and soft oral tissue are detected with a
frame rate of 23 fps, a spatial resolution of 11.6 μm axially
and 17.5 μm laterally, and a FoV of 4.8 mm. This allows an
image quality highly appropriate for the oral optical biopsy
with μm-resolution. All presented imaging results are primary
generated in noncontact mode (no contact to the imaged oral
tissue but possible contact of the endoscope shaft to, e.g.,
lips), which is preferential for the investigation of highly sensi-
tive and painful mucous oral regions. The movements of the test
person are reduced by a variable forehead and chin support sim-
ilar to the eye refractometry. Despite the handheld measurement,
motion artifacts have rarely been observed. Moreover, investi-
gations are also possible in contact mode by an additional spacer
(disposable item) positioned at the tissue to be investigated,
which is advantageous for recording dental volumetric data
with minimal motion artifacts. In general, the technical develop-
ment of a handheld endoscopic probe forms the basis for in vivo
OCT studies of physicians and dentists in the dental clinic. By
this adaption, the potential support of OCT to current diagnostic
tools of visual inspection and radiology, which unfortunately
show insufficient sensitivity and specificity in clinical routine,
can be validated.
Promising application of EOCT in the oral cavity is generally
the early detection of initial and small pathologic alterations of
hard and soft tissue. Considering dentistry, OCT could particu-
larly improve the detection of early incipient demineralization
and primary/secondary caries, the diagnosis of periodontal dis-
ease, the monitoring and assessment of dental restorations as
well as the visualization of different dental and orthodontic treat-
ment steps in general, which is confirmed by the presented pre-
liminary in vivo endoscopic results. For caries diagnostics, the
primary aim is the detection of emerging demineralization.
Since these lesions are characterized by porous areas in com-
parison to the surrounding enamel, OCT has the potential to
image these lesions as white spots positioned close to the
tooth subsurface up to 2 mm in depth within the enamel. By
applying the developed EOCT probe, the detection of noncavi-
tated occlusal carious lesions of premolars and molars in vivo is
enabled to a limited extent with regard to the interdental and
labial surfaces. Considering dental restorations, the assessment
of the composite homogeneity and bonding, especially at the
tooth-restoration interface and margin, as well as the early detec-
tion of secondary carious lesions, is demanding. Here again, the
proposed OCT endoscope enables the subsurface imaging with
the exception of interdental treatments. Besides these noninva-
sive applications, the feasibility of supporting minimally
invasive restorative treatment with a customized EOCT scanner
will be evaluated in a clinical study in future research.
Regarding the oral examinations, current research is strongly
focused on depth-resolved imaging of early malign tissue.
OCT in general and as endoscopic adaption in particular
enables the imaging of the epithelial thickness end ridges of
the oral mucosa, as well as irregular epithelial stratification.
Moreover, the measurement of the continuity of the basement
membrane is allowed. To the best of our knowledge, OCT im-
aging of different regions of the human soft palate (e.g., the pal-
atoglossal arch and fold) with highly resolved structures of the
LP in vivo is realized for the first time by means of the presented
endoscopic development. By this, the findings of previous ex
vivo and in vivo studies can be expanded to the posterior oral
cavity under in vivo conditions. By knowing the regular struc-
ture of the oral mucosa of different parts of the oral cavity acces-
sible by the developed OCT endoscope, the differentiation of
normal and morphologically altered oral tissue should be
ensured prospectively.35 Since the image quality of the presented
EOCT probe offers appropriate axial and lateral resolution, even
small structural alteration could be apparent, which has to be
validated in a future clinical study. Despite the conspicuousness,
premalignant disorders will be challenging to differentiate from
benign lesions and to stage by OCT. In our view, the developed
EOCT probe will have its most potential primarily in the mon-
itoring of dysplastic lesions and further in biopsy guidance dur-
ing surgical removal of lesions.
In summary, the developed EOCT probe, based on the com-
mercially available NIR endoscope, ranks among the few in vivo
scanners designed for the oral cavity (cf. Table 1 in Appendix)
with the advantage of an expanded application field: the pos-
terior oral cavity including different regions of the palatoglossal
arch and (pre-)molars. As a result of this presented preliminary
research, the contactless imaging is preferable for the examina-
tion of the soft tissue due to the high sensitivity, whereas the
contact and noncontact mode is equally feasible for the hard tis-
sue diagnosis. Besides the good image quality with high lateral
and axial resolution, and sufficient wide FoV, the development
convinces primarily with the accessibility to most of the oral
sections and further with flexibility, efficiency, and effectiveness
in the prospective clinical routine. In this research, the feasibility
of in vivo studies within the anterior and posterior oral cavity
was validly presented by hard and soft tissue imaging. The
evaluation of the promising medical applications in clinical rou-
tine will be part of subsequent studies. For the case of successful
studies with high reliability, accuracy, and evidence, OCT could
have the potential to promote the clinical decision process in the
future research.
Appendix
For the objective evaluation of the presented development,
important technical specifications of previously published endo-
scopic probes designed for in vivo imaging of the human oral
cavity are listed in Table 1. Moreover, a technical drawing of the
handheld endoscopic scanner head is given in Fig. 15.
Disclosures
The PS-OCT imaging of the human oral cavity by the homebuilt
system was reviewed and approved by the developers employed
at the Technische Universität Dresden, and informed consent
was obtained from all subjects before imaging. Both human
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subjects included in this pilot study are developers of the applied
OCT system and main author of the paper who decided to be
volunteers on their own responsibility. Accordingly, the respon-
sible local ethics committee waived the need for an approval.
The study followed the tenets of the Declaration of Helsinki
and was conducted in compliance with Health Insurance
Portability and Accountability Act. Furthermore, the authors
declare that there are no conflicts of interest related to this article.
Table 1 Technical specifications of published rigid oral probes (Appendix).
Ref. Oral regions
Spatial
resolution FoV Technique
Contact/
Noncontact
mode Scan rate
Walther (this
work)
Dental hard and soft tissue of the
anterior and posterior oral cavity;
in detail: buccal and lingual oral
mucosa, mouth floor, palatoglossal
arch and fold (soft palate), incisors,
premolars and molars
Lateral 17.5 μm
Axial 11 μm
4.8 mm Rigid (commercial
endoscope with
Hopkins optics),
handheld
Both 11.88 kHz 23 fps
Lenton et al.20 Tooth occlusal Lateral 80 μm
Axial 11 μm
No specs Rigid, handheld Contactless 30 kHz
Davoudi et al.59 Buccal, labial, and lingual oral
mucosa, soft palate (no layered
structure and no connective
tissue visible)
Lateral 20.5 μm
Axial 7 μm
2 mm Rigid (no Hopkins
optics), mounted
on a stage
Contactless 47 kHz
Tsai et al.60 Buccal, labial, and lingual oral
mucosa (possibly not long
enough for the posterior
oral cavity)
Lateral 10 μm
Axial 8 μm
2 mm Rigid (no Hopkins
optics), handheld
Contact 100 kHz
Higgins and
Pierce62
No specifications Lateral 12.4 μm
Axial 9.3 μm
2 mm Rigid (no Hopkins
optics), handheld
Contact 25.3 fps
Wang et al.63 Buccal, labial, and lingual oral
mucosa, mouth floor, hard palate,
anterior soft palate (no layered
structure and no connective tissue
visible)
Lateral and
axial 12 μm
4.6 mm Rigid (GRIN lens),
side viewing probe,
sharp edges of the
endoscopic tip,
handheld
Contact 13 kHz 25 fps
Wang et al.64 Buccal mucosa, leukoplakia tissue Lateral 40 μm
Axial 10.6 μm
2 mm Rigid (GRIN lens),
handheld
No specs 50 kHz
Sun et al.65 Tooth buccal Axial 10 μm 2 to 4 mm Rigid (fiber-based),
handheld
No specs 20 kHz
Lee et al.66 Buccal and lingual oral mucosa Lateral 20 to
40 μm
2.3 mm Rigid (fiber-based),
handheld
Contact 50.4 kHz
Fig. 15 Technical drawing of the scanner head for the presentation of relevant geometric features
(Appendix).
Journal of Biomedical Optics 071207-10 July 2018 • Vol. 23(7)
Walther et al.: In vivo imaging in the oral cavity by endoscopic optical coherence. . .
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 01 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
36
Acknowledgments
For the presented research, we would like to thank Karl Storz
GmbH & Co. KG, Tuttlingen, Germany, for provision of the
rigid NIR endoscope. The author Florian Tetschke is supported
by the European Union/European Social Fund (ESF) and
the Free State of Saxony within the ESF junior research
group “Optical Technologies in Medicine” (project number
100270108). The author Jonas Golde is supported by the
European Union/European Social Fund (ESF) and the Free State
of Saxony within a doctoral scholarship (project number
100284305).
References
1. D. Huang et al., “Optical coherence tomography,” Science 254, 1178–
1181 (1991).
2. A. F. Fercher et al., “Optical coherence tomography-principles and
applications,” Rep. Prog. Phys. 66(2), 239–303 (2003).
3. J. Walther et al., “Optical coherence tomography in biomedical
research,” Anal. Bioanal. Chem. 400(9), 2721–2743 (2011).
4. S. Marschall et al., “Optical coherence tomography-current technology
and applications in clinical and biomedical research,” Anal. Bioanal.
Chem. 400(9), 2699–2720 (2011).
5. P. Wilder-Smith et al., “In vivo optical coherence tomography for the
diagnosis of oral malignancy,” Lasers Surg. Med. 35(4), 269–275
(2004).
6. W. Jung et al., “Advances in oral cancer detection using optical coher-
ence tomography,” IEEE J. Sel. Top. Quantum Electron. 11(4), 811–817
(2005).
7. P. Pande et al., “Automated classification of optical coherence tomog-
raphy images for the diagnosis of oral malignancy in the hamster cheek
pouch,” J. Biomed. Opt. 19(8), 086022 (2014).
8. C. K. Lee et al., “Diagnosis of oral submucous fibrosis with optical
coherence tomography,” J. Biomed. Opt. 14(5), 054008 (2009).
9. S. Prestin et al., “Measurement of epithelial thickness within the oral
cavity using optical coherence tomography,” Head Neck 34(12),
1777–1781 (2012).
10. I. Grulkowski et al., “Quantitative assessment of oral mucosa and labial
minor salivary glands in patients with Sjögren’s syndrome using swept
source OCT,” Biomed. Opt. Express 5(1), 259–274 (2014).
11. R. A. Leitgeb et al., “Doppler optical coherence tomography,” Prog.
Retinal Eye Res. 41(100), 26–43 (2014).
12. J. Walther et al., “Analysis of in vitro and in vivo bidirectional flow
velocities by phase-resolved Doppler Fourier-domain OCT,” Sens.
Actuators A: Phys. 156(1), 14–21 (2009).
13. J. Walther and E. Koch, “Relation of joint spectral and time domain
optical coherence tomography (jSTdOCT) and phase-resolved Doppler
OCT,” Opt. Express 22(19), 23129–23146 (2014).
14. J. F. de Boer, C. K. Hitzenberger, and Y. Yasuno, “Polarization sensitive
optical coherence tomography–a review,” Biomed. Opt. Express 8(3),
1838–1873 (2017).
15. B. Baumann, “Polarization sensitive optical coherence tomography:
a review of technology and applications,” Appl. Sci. 7(5), 474 (2017).
16. M. Pircher, C. K. Hitzenberger, and U. Schmidt-Erfurth, “Polarization
sensitive optical coherence tomography in the human eye,” Prog.
Retinal Eye Res. 30(6), 431–451 (2011).
17. U. Morgner et al., “Spectroscopic optical coherence tomography,” Opt.
Lett. 25(2), 111–113 (2000).
18. D. J. Faber et al., “Toward assessments of blood oxygen saturation by
spectroscopic optical coherence tomography,” Opt. Lett. 30(9), 1015–
1017 (2005).
19. Y. Shimada et al., “Noninvasive cross-sectional imaging of proximal
caries using swept-source optical coherence tomography (SS-OCT)
in vivo,” J. Biophotonics 7(7), 506–513 (2014).
20. P. Lenton et al., “Imaging in vivo secondary caries and ex vivo dental
biofilms using cross-polarization optical coherence tomography,” Dent.
Mater. 28(7), 792–800 (2012).
21. T. Louie et al., “Clinical assessment of early tooth demineralization
using polarization sensitive optical coherence tomography,” Lasers
Surg. Med. 42(10), 898–905 (2010).
22. L. L. Otis et al., “Optical coherence tomography: a new imaging
technology for dentistry,” J. Am. Dent. Assoc. 131(4), 511–514
(2000).
23. C. Wilder-Smith et al., “Quantification of dental erosions in patients
with GERD using optical coherence tomography before and after dou-
ble-blind, randomized treatment with esomeprazole or placebo,” Am. J.
Gastroenterol. 104(11), 2788–2795 (2009).
24. H. Nakagawa et al., “Validation of swept source optical coherence
tomography (SS-OCT) for the diagnosis of smooth surface caries in
vitro,” J. Dent. 41(1), 80–89 (2013).
25. J. A. Warren et al., “Imaging and characterization of dental structure
using optical coherence tomography,” in Technical Digest. Summaries
of papers presented at the Conf. on Lasers and Electro-Optics (CLEO
’98), Vol. 6, p. 128 (1998).
26. S. K. Manesh, C. L. Darling, and D. Fried, “Imaging natural and arti-
ficial demineralization on dentin surfaces with polarization sensitive
optical coherence tomography,” Proc. SPIE 6843, 68430M (2008).
27. S. K. Manesh, C. L. Darling, and D. Fried, “Polarization-sensitive
optical coherence tomography for the nondestructive assessment of
the remineralization of dentin,” J. Biomed. Opt. 14(4), 044002
(2009).
28. P. Wilder-Smith et al., “Optical diagnostics in the oral cavity: an over-
view,” Oral Dis. 16(8), 717–728 (2010).
29. Y. S. Hsieh et al., “Dental optical coherence tomography,” Sensors
13(7), 8928–8949 (2013).
30. S. Canjau et al., “Optical coherence tomography for non-invasive ex
vivo investigations in dental medicine–a joint group experience,”
Mod. Technol. Med. 7(1), 97–114 (2015).
31. Y. Shimada et al., “Application of optical coherence tomography (OCT)
for diagnosis of caries, cracks, and defects of restorations,” Curr. Oral
Health Rep. 2(2), 73–80 (2015).
32. D. Fried et al., “Imaging caries lesions and lesion progression with
polarization sensitive optical coherence tomography,” J. Biomed.
Opt. 7(4), 618–627 (2002).
33. M. H. Van der Veen, “Detecting short-term changes in the activity of
caries lesions with the aid of new technologies,” Curr. Oral Health Rep.
2(2), 102–109 (2015).
34. D. Ericson et al., “Minimally invasive dentistry–concept and techniques
in cariology,” Oral Health Prev. Dent. 1(1), 59–72 (2003).
35. M.-T. Tsai et al., “Effective indicators for diagnosis of oral cancer using
optical coherence tomography,” Opt. Express 16(20), 15847–15862
(2008).
36. M.-T. Tsai et al., “Differentiating oral lesions in different carcinogenesis
stages with optical coherence tomography,” J. Biomed. Opt. 14(4),
044028 (2009).
37. C.-K. Lee et al., “Diagnosis of oral precancer with optical coherence
tomography,” Biomed. Opt. Express 3(7), 1632–1646 (2012).
38. Z. Hamdoon et al., “Structural validation of oral mucosal tissue using
optical coherence tomography,” Head Neck Oncol. 4(1), 29 (2012).
39. Z. Hamdoon et al., “Optical coherence tomography in the assessment of
suspicious oral lesions: an immediate ex vivo study,” Photodiagn.
Photodyn. Ther. 10(1), 17–27 (2013).
40. Z. Hamdoon et al., “Optical coherence tomography in the assessment
of oral squamous cell carcinoma resection margins,” Photodiagn.
Photodyn. Ther. 13, 211-217 (2016).
41. B. A. Miles, “How close are we to real time optical margin control in
head and neck oncologic surgery?” Cancer Cell Microenviron. 3(2),
1305 (2016).
42. G. Tirelli et al., “Will the mininvasive approach challenge the old para-
digms in oral cancer surgery?” Eur. Arch. Oto-Rhino-Laryngol. 274(3),
1279–1289 (2017).
43. M. J. Gora et al., “Endoscopic optical coherence tomography: technol-
ogies and clinical applications,” Biomed. Opt. Express 8(5), 2405–2444
(2017).
44. G. G. J. Tearney et al., “Scanning single-mode fiber optic catheter-endo-
scope for optical coherence tomography,” Opt. Lett. 21(7), 543–545
(1996).
45. G. J. Tearney et al., “In vivo endoscopic optical biopsy with optical
coherence tomography,” Science 276(5321), 2037–2039 (1997).
46. G. J. Tearney et al., “Consensus standards for acquisition, measurement,
and reporting of intravascular optical coherence tomography studies:
a report from the International Working Group for intravascular optical
Journal of Biomedical Optics 071207-11 July 2018 • Vol. 23(7)
Walther et al.: In vivo imaging in the oral cavity by endoscopic optical coherence. . .
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 01 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
37
coherence tomography standardization and validation,” J. Am. Coll.
Cardiol. 59(12), 1058–1072 (2012).
47. N. Hanna et al., “Two-dimensional and 3-dimensional optical coherence
tomographic imaging of the airway, lung, and pleura,” J. Thorac.
Cardiovasc. Surg. 129(3), 615–622 (2005).
48. T. H. Tsai et al., “Ultrahigh speed endoscopic optical coherence tomog-
raphy for gastroenterology,” Biomed. Opt. Express 5(12), 4387–4404
(2014).
49. T. S. Kirtane and M. S. Wagh, “Endoscopic optical coherence tomog-
raphy (OCT): advances in gastrointestinal imaging,” Gastroenterol.
Res. Pract. 2014, 376367 (2014).
50. A. Burkhardt et al., “Endoscopic optical coherence tomography device
for forward imaging with broad field of view,” J. Biomed. Opt. 17(7),
071302 (2012).
51. Z. Hubler et al., “Real-time automated thickness measurement of the in
vivo human tympanic membrane using optical coherence tomography,”
Quant. Imaging Med. Surg. 5(1), 69–77 (2015).
52. N. H. Cho et al., “Optical coherence tomography for the diagnosis and
evaluation of human otitis media,” J. Korean Med. Sci. 30(3), 328–335
(2015).
53. L. Scolaro et al., “High-sensitivity anastigmatic imaging needle for opti-
cal coherence tomography,” Opt. Lett. 37(24), 5247–5249 (2012).
54. K. M. Kennedy et al., “Needle optical coherence elastography for the
measurement of microscale mechanical contrast deep within human
breast tissues,” J. Biomed. Opt. 18(12), 121510 (2013).
55. B. G. Muller et al., “Prostate cancer diagnosis: the feasibility of needle-
based optical coherence tomography,” J. Med. Imaging 2(3), 037501
(2015).
56. M. Villiger et al., “Deep tissue volume imaging of birefringence through
fibre-optic needle probes for the delineation of breast tumour,” Sci. Rep.
6, 28771 (2016).
57. F. I. Feldchtein et al., “In vivo OCT imaging of hard and soft tissue of
the oral cavity,” Opt. Express 3(3), 239–251 (1998).
58. R. Brandenburg, B. Haller, and C. Hauger, “Real-time in vivo imaging
of dental tissue by means of optical coherence tomography (OCT),”
Opt. Commun. 227(4–6), 203–211 (2003).
59. B. Davoudi et al., “Noninvasive in vivo structural and vascular imaging
of human oral tissues with spectral domain optical coherence tomogra-
phy,” Biomed. Opt. Express 3(5), 826–839 (2012).
60. M.-T. Tsai et al., “Noninvasive structural and microvascular anatomy of
oral mucosae using handheld optical coherence tomography,” Biomed.
Opt. Express 8(11), 5001–5012 (2017).
61. J. M. Ridgeway et al., “In vivo optical coherence tomography of the
human oral cavity and oropharynx,” Arch. Otolaryngol. Head Neck
Surg. 132(10), 1074–1081 (2006).
62. L. M. Higgins and M. C. Pierce, “Design and characterization of a hand-
held multimodal imaging device for the assessment of oral epithelial
lesions,” J. Biomed. Opt. 19(8), 086004 (2014).
63. J. Wang et al., “Development of a hybrid Raman spectroscopy and opti-
cal coherence tomography technique for real-time in vivo tissue mea-
surements,” Opt. Lett. 41(13), 3045–3048 (2016).
64. D. Wang et al., “Endoscopic swept-source optical coherence tomogra-
phy based on a two-axis microelectromechanical system mirror,”
J. Biomed. Opt. 18(8), 086005 (2013).
65. C.-W. Sun, Y. Ho, and S. Lee, “Sensing of tooth microleakage based on
dental optical coherence tomography,” J. Sens. 2014, 984627 (2014).
66. A. M. D. Lee et al., “Wide-field in vivo oral OCT imaging,” Biomed.
Opt. Express 6(7), 2664–2674 (2015).
67. H. Shemesh et al., “The ability of optical coherence tomography to char-
acterize the root canal walls,” J. Endod. 33(11), 1369–1373 (2007).
68. M. Wojtkowski et al., “Ultrahigh-resolution, high-speed, Fourier
domain optical coherence tomography and methods for dispersion com-
pensation,” Opt. Express 12(11), 2404–2422 (2004).
69. F. Köttig et al., “An advanced algorithm for dispersion encoded full
range frequency domain optical coherence tomography,” Opt.
Express 20(22), 24925–24948 (2012).
70. J. Walther et al., “Signal power decrease due to fringe washout as an exten-
sion of the limited Doppler flow measurement range in spectral domain
optical coherence tomography,” J. Biomed. Opt. 15(4), 041511 (2010).
71. B. Cense et al., “Ultrahigh-resolution high-speed retinal imaging using
spectral-domain optical coherence tomography,” Opt. Express 12(11),
2435–2447 (2004).
72. L. Pan et al., “Depth-dependent dispersion compensation for full-depth
OCT image,” Opt. Express 25(9), 10345–10354 (2017).
73. C. Schnabel, M. Gaertner, and E. Koch, “Optical coherence tomography
(OCT) for time-resolved imaging of alveolar dynamics in mechanically
ventilated rats,” Appl. Sci. 7(3), 287 (2017).
74. K. J. Park, H. Schneider, and R. Haak, “Assessment of interfacial defects
at composite restorations by swept source optical coherence tomogra-
phy,” J. Biomed. Opt. 18(7), 076018 (2013).
75. K. Ishibashi et al., “Swept-source optical coherence tomography as a
new tool to evaluate defects of resin-based composite restorations,”
J. Dent. 39(8), 543–548 (2011).
76. Y. Chen et al., “Characterization of dentin, enamel, and carious lesions
by a polarization-sensitive optical coherence tomography system,” Appl.
Opt. 44(11), 2041–2048 (2005).
77. Y. Chen, L. Otis, and Q. Zhu, “Polarization memory effect in optical
coherence tomography and dental imaging application,” J. Biomed.
Opt. 16(8), 086005 (2011).
78. P. Cimalla et al., “Simultaneous dual-band optical coherence tomogra-
phy in the spectral domain for high resolution in vivo imaging,” Opt.
Express 17(22), 19486–19500 (2009).
79. J.-M. Kim, S.-R. Kang, and W.-J. Yi, “Automatic detection of tooth
cracks in optical coherence tomography images,” J. Periodontal
Implant Sci. 47(1), 41–50 (2017).
80. K. Imai et al., “Noninvasive cross-sectional visualization of enamel
cracks by optical coherence tomography in vitro,” J. Endod. 38(9),
1269–1274 (2012).
81. H. Kakuma, K. Ohbayashi, and Y. Arakawa, “Optical imaging of hard
and soft dental tissues using discretely swept optical frequency domain
reflectometry optical coherence tomography at wavelengths from 1560
to 1600 nm,” J. Biomed. Opt. 13(1), 014012 (2008).
82. K. J. Park, H. Schneider, and R. Haak, “Assessment of defects at tooth/
self-adhering flowable composite interface using swept-source optical
coherence tomography (SS-OCT),” Dent. Mater. 31(5), 534–541
(2015).
83. K. Horie et al., “Monitoring of cariogenic demineralization at the
enamel-composite interface using swept-source optical coherence
tomography,” Dent. Mater. 32(9), 1103–1112 (2016).
Julia Walther is a senior researcher at Technische Universität
Dresden. She received her diploma degree in physics technology and
biomedical engineering from the University of Applied Sciences
Mittweida in 2006 and her PhD degree in medical physics and bio-
medical optics from the Technische Universität (TU) Dresden in
2010. Her current research interests include the advancement of opti-
cal coherence tomography for different applications in dentistry and
otolaryngology as well as the analysis and extension of diverse theo-
retical models for Doppler OCT (DOCT).
Christian Schnabel finished his studies of physical engineering at
the University of Applied Sciences Mittweida in 2010 and sub-
sequently joined the Department of Clinical Sensoring and Monitoring
at the Faculty of Medicine Carl Gustav Carus in Dresden. He received
his PhD degree in 2015 in the field of lung imaging, mechanical ven-
tilation, and total liquid ventilation. His main field of research is cur-
rently the imaging of different biological tissues by optical coherence
tomography.
Florian Tetschke received his MSc degree in biomedical engineering
from the University of Applied Sciences, Jena, in 2013. He contributed
to research projects at the Biomagnetic Center of the University
Hospital in Jena, at the Polytechnical University of Catalonia and the
Institute of Biomedical Engineering at the Technische Universität
Dresden. Currently, he is a research associate at the young scientist
group, “Optical Technologies in Medicine” at Technische Universität
Dresden. His research interest focuses on the development and appli-
cation of optical technologies, such as hyperspectral imaging, optical
coherence tomography, and Raman spectroscopy.
Tobias Rosenauer is a dentist and a research associate of the
University Clinic Carl Gustav Carus in Dresden. He graduated in
2016 and has since then worked for the Department of Operative
Dentistry, TU Dresden. He is currently writing his doctoral thesis
and his present research concerns cariological aspects as well as
optical imaging.
Journal of Biomedical Optics 071207-12 July 2018 • Vol. 23(7)
Walther et al.: In vivo imaging in the oral cavity by endoscopic optical coherence. . .
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 01 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
38
Jonas Golde is a PhD student at the Technische Universität
Dresden. He received his MSc degree in physics from the Technische
Universität Dresden in 2016 with a thesis on polarization sensitive
optical coherence tomography (PS-OCT). Since then, he has been
focused on the development and application of PS-OCT systems
in the fields of dentistry and otolaryngology. His research interests
include the combination of PS-OCT with complementary optical tech-
nologies, such as multiphoton microscopy and hyperspectral imaging.
Christian Hannig is the head of the department of Operative
Dentistry, TU Dresden. Furthermore, he is the dean for dental educa-
tion. He is a dentist since 2000 and has worked at Göttingen and
Freiburg University before coming to Dresden. His main field of
research is bioadhesion in the oral cavity. He is the author of more
than 100 international and national journal papers. His research
has been funded several times by the German Research Foundation.
Edmund Koch received his diploma and PhD degrees in physics
from the University of Marburg. He worked as a senior researcher
at the Drägerwerke AG, Lübeck, and thereafter, he became professor
for laser and optics at the Lübeck University of Applied Sciences. He
is currently head of the work group Clinical Sensoring and Monitoring
at the Faculty of Medicine at the TU Dresden. His main research inter-
ests are optical coherence tomography and spectroscopic imaging.
Biographies for the other authors are not available.
Journal of Biomedical Optics 071207-13 July 2018 • Vol. 23(7)
Walther et al.: In vivo imaging in the oral cavity by endoscopic optical coherence. . .
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 01 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
39
40
4
In-vivo-Bildgebung von oralem Hart- und
Weichgewebe mit PSOCT
J. Walther, J. Golde, L. Kirsten, F. Tetschke et al.
Als funktionelle Erweiterung der konventionellen, Intensitäts-basierten OCT, beschreibt die Arbeit
in diesem Kapitel die In-vivo-Anwendung der PSOCT für die Bildgebung von oralem Hart- und
Weichgewebe. Augenmerk liegt dabei auf der Darstellung der sich aus der Amplitude und Phase
des Lichtes berechneten Kontraste der Reflektivität, der Phasenverzögerung (engl. retardation),
der Orientierung der optischen Achse (engl. orientation), sowie der Darstellung der orthogonal
polarisierten Anteile des Lichtes (engl. co- and cross- polarized channel). Als ein weiterer
Kontrast wird erstmalig im Kontext der intraoralen Bildgebung ein Maß für die Depolarisation
(DOPU) eingeführt.
Zusammenfassung der Ergebnisse
Bei zwei Probanden wurden In-vivo-Aufnahmen verschiedener Bereiche der Mundschleimhaut,
sowie dem vorderen Zahnbereich bis zum zweiten Prämolaren durchgeführt. Die Bildgebung
beinhaltete unter anderem die Darstellung der Polarisationskontraste gesunder Zahnharts-
ubstanz, einer Komposit-Restauration im Vorderzahnbereich und einer Fluorose an einem
Oberkiefer-Prämolaren. Anhand der Polarisationskontraste lässt sich die Doppelbrechung des
gesunden Schmelzes darstellen. Die Kompositrestauration zeigt in der DOPU-Darstellung einen
hohen Grad der Depolarisation und liefert dadurch zusätzliche Informationen über die Mate-
rialeigenschaften des Restaurationsmaterials. Alterationen des Zahnes zeigen am Beispiel
einer Fluorose und eines freiliegenden Zahnhalses einen deutlich stärkeren Kontrast in den
Polarisations-sensitiven Darstellungen im Vergleich zur Intensitätsdarstellung.
Schlussfolgerungen
Durch die In-vivo-Anwendung der PSOCT können zusätzliche Informationen über die Materialei-
genschaften des Zahnes und von Restaurationsmaterialien gewonnen werden. Im Vergleich zur
Intensitäts-basierten OCT, erlauben die aus der PSOCT-resultierenden Kontrastdarstellungen
eine stärkere Abgrenzung von Alterationen der Zahnhartsubstanz. Insbesondere die Abbildung
des Depolarisationsgrades durch die Darstellung des DOPU könnte sich für das routinemäßige
Monitoring von Füllungen oder für die Erkennung von Läsionen eignen.
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Abstract. Since optical coherence tomography (OCT) provides three-dimensional high-resolution images of
biological tissue, the benefit of polarization contrast in the field of dentistry is highlighted in this study.
Polarization-sensitive OCT (PS OCT) with phase-sensitive recording is used for imaging dental and mucosal
tissues in the human oral cavity in vivo. An enhanced polarization contrast of oral structures is reached by ana-
lyzing the signals of the co- and crosspolarized channels of the swept source PS OCT system quantitatively with
respect to reflectivity, retardation, optic axis orientation, and depolarization. The calculation of these polarization
parameters enables a high tissue-specific contrast imaging for the detailed physical interpretation of human oral
hard and soft tissues. For the proof-of-principle, imaging of composite restorations and mineralization defects at
premolars as well as gingival, lingual, and labial oral mucosa was performed in vivowithin the anterior oral cavity.
The achieved contrast-enhanced results of the investigated human oral tissues by means of polarization-
sensitive imaging are evaluated by the comparison with conventional intensity-based OCT. © The Authors.
Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.22.12.121717]
Keywords: optical coherence tomography; dentistry; polarization contrast; medical and biological imaging; tissue.
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1 Introduction
Various biological tissues change the polarization of light, for
which reason tissue polarization properties can be important
for the diagnosis of pathological alterations in tendons, bones,
cartilages, teeth, and skin. Biological media are often bire-
fringent caused by asymmetrically oriented structures, e.g.,
collagen fibers and dentinal microtubules, as well as molecular
and mineralized compositions in biological tissue. Since
polarization imaging is innovative and promising for medical
diagnosis of pathologies, technical solutions for clinical
in vivo applications are in demand. Because optical coherence
tomography (OCT) is a prospective noninvasive imaging tech-
nique for three-dimensional high-resolution imaging of subsur-
face tissue morphology1–4 with the possibility of functional
imaging by polarization-sensitive OCT (PS OCT), it is attractive
for depth-resolved tissue-specific contrast imaging with high
speed and sensitivity in vivo. Although conventional inten-
sity-based OCT provides a high spatial resolution in the
micrometer range, tissue micro- and nanostructures cannot
be resolved optically. By detecting the polarization change of
the reflected light with PS OCT, properties of polarization
changing microstructures can provide information of early
pathological alterations before morphological tissue remodeling
occurs in larger scale detectable with intensity-based OCT.5,6
Early and also some recent work of PS OCT is based on PS
low coherence reflectometry, demonstrated first by Hee et al.,7
and the measurement of the phase retardation between orthogo-
nal linear polarization modes in birefringent samples.8 Today,
this method is referred to as PS OCT with single circular
input state, which provides quantitative polarization contrast
for all possible optic axis orientations of the sample.9 Beyond
the technical advancements in terms of light sources and fast
detection units, PS OCT was evolved by different detection
schemes with multiple input states as well as improved data
processing. Initially,7,8 the reflectivity and retardation of a sam-
ple were measured for the determination of birefringence as a
function of the depth. By the enhancement of phase-sensitive
detection of the interferometric signals in two orthogonal polari-
zation channels, a third important parameter for physical inter-
pretation of a birefringent sample, the orientation of the fast
optical axis of the sample, can be determined.10–12 An additional
relevant parameter, the degree of polarization uniformity
(DOPU), is based on averaged Stokes vector elements and pro-
posed for imaging and segmentation of local variations of the
polarization state13,14 also known as depolarization or rather
polarization scrambling as an intrinsic tissue property.15
Equipped with these advancements, PS OCT is increasingly
applied for medical diagnosis mainly in ophthalmology9,16–18
followed by dentistry,19,20 cardiology,6,21,22 and dermatology23–25
with regard to the frequency of publications over the last years.9
Although PS OCT has successfully shown to provide additional
contrast for distinguishing pathological lesions from normal
tissues, it has not been used much in the oral cavity. While the
measurement of the birefringent behavior of hard dental tissues
by PS OCT is already addressed in biomedical research,26–28 the
polarization properties of oral soft tissue ex vivo and in vivo are
investigated only by a few studies,29–32 although the presented
*Address all correspondence to Julia Walther, E-mail: julia.walther@tu-dresden
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results show that it is worthwhile for quantitative imaging.
Regarding dental PS OCT, most of the research is performed
using linear incident light,19,20,33–39 in consequence of which
the fast or slow birefringent axis could align with the linear
polarization such that no or reduced birefringence is measured.40
Although, first work of PS OCT in dentistry has used circular
polarized light incidence26,41 and considered the phase
retardation27,42 for imaging the birefringence in tooth structures,
the argument for a single linear input state is the suppression
of the Fresnel surface reflection in the crosspolarization
channel.35,36,43
Based on the simplicity of a single circular input state
(requiring only one simultaneous measurement of both orthogo-
nally polarized light spectra per sample location) and the amount
of information for physical interpretation of tissues by phase-
sensitive PS OCT, we propose to image birefringent oral
hard and soft tissues with circularly polarized light44 in com-
bination with the analysis of reflectivity, retardation, optic axis
orientation,12 and depolarization13,14 as advanced calculation of
polarization contrast in PS OCT today. We show that surface
reflections and birefringent behavior in dental hard tissues
present no difficulty and—quite the opposite—are advantageous
for the detection of early alterations. To the best of our knowl-
edge, the algorithms for optic axis orientation and DOPU13,14,16
in combination with reflectivity and retardation are first used
for the in vivo imaging of oral tissue structures with the outcome
of an enhanced tissue structure contrast in comparison to
conventional intensity-based OCT.
2 Materials and Methods
2.1 Experimental Setup
For the pilot study, we are using an OCT system that provides
depth-resolved polarization contrast of samples utilizing an
established layout that was initially proposed by Hee et al.7
and most recently implemented in fiber-based swept source
systems.25 Our setup is based on a modification of a self-built
swept source OCT system, which is adapted for polarization-
sensitive measurement by a new scanner head with bulk optics
and corresponding fiber optics. The schematic of the resulting
PS OCT system is shown in Fig. 1. As shown, the light of
the swept laser (Axsun 1310 Swept Source Engine, Axsun
Technologies Inc.) with a center wavelength of λ0 ¼ 1310 nm
and a used bandwidth of Δλ ¼ 110 nm is sent to a fiber Bragg
grating (FBG) that is applied for A-scan triggering. After
a further amplification by a booster optical amplifier (BOA),
the light is sent via an optical circulator (OC) to the scanner
head with free space optics. There, the light is split into vertical
and horizontal linearly polarized lights by a polarization beam
splitter (PBS). Only the vertically polarized light is transmitted
to the interferometer and split into the reference and sample
arms with equal intensities by a polarization-insensitive beam
splitter (BS). In the sample arm, the linearly polarized light is
transformed into circularly polarized light by a quarter-wave
plate (QWP1) with the fast axis orientated at 45 deg relative
to the vertical direction. The backscattered light from within
the sample passes again QWP1 resulting in an arbitrary elliptical
polarization of the sample light in dependence on the bire-
fringence properties of the sample. Without birefringence in the
sample, e.g., reflection on a mirror, the light that double passed
the QWP1 will be horizontally polarized. In the reference arm,
the quarter-wave plate (QWP2) is set to 22.5 deg with respect to
the vertical axis to generate a linearly polarized reference beam
at 45 deg relative to the incoming beam due to double passing
QWP2. After recombining the light of both arms at BS, the
interference light is separated into vertically (y-axis) and hori-
zontally (x-axis) polarized signals by a PBS. Since the extinc-
tion ratio of the horizontally and vertically polarized lights for
the reflected beam amounts only to 100∶1, two additional linear
polarizers (LPo) are used in the copolarization channel to sup-
press the vertically polarized light. The simultaneous detection
of both orthogonally polarized interference signals IxðkÞ (copo-
larized channel) and IyðkÞ (crosspolarized channel) is realized
by dual-balanced detection to reject common-mode noise and
improve the signal-to-noise ratio of the system. To acquire
inference signals that are linear in k-space, the clock signal of
Fig. 1 Swept source OCT system with polarization-sensitive scanner head. Swept laser with
λ0 ¼ 1310 nm and Δλ ¼ 110 nm. FBG, fiber Bragg grating; PC, polarization controller; BOA, booster
optical amplifier; OC, optical circulator; PBS, polarization beam splitter; LPo, linear polarizer; BS, polar-
izaton-independent beam splitter; QWP1, quarter-wave plate oriented at 45 deg; QWP2, quarter-wave
plate oriented at 22.5 deg; RM, reference mirror; GS, galvanometer scanners; BD, balanced detectors;
DA, data acquisition card.
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the swept laser is utilized as a sampling trigger of the high-
speed digitizer (ATS9360, Alazar Technologies Inc.). The back-
scattered light of nonbirefringent structures will be detected
in the horizontal polarization channel, which is referred to as
copolarization channel.45 In dependency on the amount of
birefringence of the sample, a corresponding fraction of light
backscattered in and behind birefringent structures will be
detected in the crosspolarization channel.
For oral imaging, a set of 1280 × 1280 A-scans was acquired
over an area 10 × 10 mm at an A-scan rate of 50 kHz resulting
in a B-scan rate of ∼40 fps. The lateral resolution amounts to
15.6 μm. The axial resolution is measured to be 15.1 μm. Data
acquisition and image processing are completely controlled
using customized LabVIEW™ (National Instruments Inc.) and
Fiji46 software.
2.2 Determination of the Polarization Contrast
Since the basics of PS OCT analysis, regarding the principles of
light polarization and polarization effects as well as polarization
properties of tissue described by the Jones and Stokes formal-
ism, have been summarized most recently in detail by de Boer
et al. and Baumann et al.,9,16 the calculation of the polarization
contrast of tissue is described briefly in this section. As shown in
Fig. 1, the interference signal of the copolarized IxðkÞ and the
crosspolarized channel IyðkÞ are detected by balanced detection
units as a function of the wavenumber k. As conventionally done
for Fourier domain OCT, the depth-resolved scan (A-scan) is
calculated from an inverse Fourier transform of the interference
signal with the result of two complex A-scans for both orthogo-
nal polarization states as
EQ-TARGET;temp:intralink-;e001;63;414
FT−1fIxðkÞg → ΓxðzÞ ¼ AxðzÞe
iφxðzÞ
FT−1fIyðkÞg → ΓyðzÞ ¼ AyðzÞe
iφyðzÞ; (1)
where the parameter z corresponds to the depth coordinate with
respect to the position of the reference mirror (cp. RM in
Fig. 1).12 For polarization contrast imaging, sample reflectivity
RðzÞ, retardation δðzÞ, and sample optic axis orientation θðzÞ are
calculated from the amplitudes ½Ax∕yðzÞ and phase information
½φx∕yðzÞ.
EQ-TARGET;temp:intralink-;e002;63;296
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
θsðzÞ ¼
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ΔφðzÞ ¼ φyðzÞ − φxðzÞ: (2)
The unambiguous measurement ranges are ½0; π∕2 for the retar-
dation δðzÞ and ½−π∕2; π∕2 for the fast birefringent axis orien-
tation θðzÞ. By means of the detected amplitudes ½AxðzÞ; AyðzÞ
and corresponding phase differences Δφ, the Stokes vector
elements I, Q, U, and V calculated for each depth pixel can be
determined by Eq. (3). This forms the basis for the calculation
of the DOPU defined by Eq. (4),13,14 where the normalized
Stokes vector components are averaged within a sliding two-
dimensional evaluation kernel for DOPU calculation. For the
measurement results in Sec. 3, a kernel size of 6 × 6 is used
for DOPU imaging.
EQ-TARGET;temp:intralink-;e003;326;752S ¼
0
B
B
@
I
Q
U
V
1
C
C
A
¼
0
B
B
@
A2x þ A
2
y
A2x − A
2
y
2AxAy cos Δφ
2AxAy sin Δφ
1
C
C
A
; (3)
EQ-TARGET;temp:intralink-;e004;326;692DOPU ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2norm;mean þ U
2
norm;mean þ V
2
norm;mean
q
: (4)
Since a tissue layer can be simplified as a retarder plate of
arbitrary thickness, retardation, and optic axis orientation, the
theoretically expected PS OCT measurement values of δðzÞ
and θðzÞ can be calculated for every possible retardation (in
the range of ½0; 2π) and optic axis orientation (in the interval
of ½0; π) of the sample as shown in Figs. 2(a) and 2(b). For
this purpose, we assumed perfect PBSs as well as quarter-
wave plates and simulated polarization-sensitive interference
measurements based on the beam paths shown in Fig. 1 and
by utilizing the Jones calculus (in correspondence to de Boer
et al.16). The arbitrary retardation and optic axis orientation
are thereby theoretically embodied by a variable retarder with
specific optic axis orientation (representative for a birefringent
tissue layer) that is passed forward and backward by a sample
beam reflected below. Finally, the determined amplitudes and
phase information for both channels were converted into optical
parameters, according to Eq. (2).
For a defined fast axis orientation of the homogeneously
birefringent sample, the measured cumulative retardation δðzÞ
and optic axis orientation θðzÞ can be read as a function of
the retardation of the sample, corresponding to a vertical line
in the simulation maps, which is helpful for the analysis of
the polarization contrast images of birefringent biological tissue.
As shown in Fig. 2(b), the measured retardation is unambiguous
for values less than π∕2 and the measured optic axis orientation
shows a π∕2-jump at multiples of π∕2 of the retardation of
Fig. 2 (a) Simulation for the measurement of the cumulative phase
retardation δðzÞ and (b) optic axis orientation θðzÞ of a linear retarder
plate with variable phase retardation and optic axis orientation by
PS OCT. By means of this map, polarization contrast images of
birefringent samples by PS OCT can be easier interpreted.
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the sample. To visualize the measured optic axis orientation for
a constant retardation without any color jump, the transition
from red to blue was adjusted with violet.
2.3 Dental and Mucosal Background for PS OCT
Since PS OCTwill be used in this study for imaging the polari-
zation properties of oral tissues, the polarization changing oral
hard and soft structures are briefly described in this section.
Starting with hard oral tissue, teeth can be considered as com-
posites of enamel and dentin. Enamel as the hardest substance in
the human body is highly mineralized. The inorganic content
consists of dense packages of millions of elongated hydroxya-
patite (HAP) crystals forming the enamel prisms.47 The sub-
sequent dentin equals a bonelike structure composed of different
volume fractions of ceramics (HAP), protein (mostly collagen),
and water. The mineralized collagen fibrils are an essential
element of the regularly aligned micrometer-sized dentin
tubules.48 The boundary between the enamel and dentin is
the so-called dentin–enamel junction (DEJ). Tooth structures
relevant for PS OCT are primarily the HAP crystals in combi-
nation with the linear arrangement to enamel prisms causing
birefringence.26,27 Since the amount of HAP is smaller in the
intertubular dentin, the birefringence effect in dentin is expected
to be less developed than in enamel.
In soft oral tissue, linear ordered collagen fibers in the lamina
propria are showing birefringence in contrast to the adjacent
basement membrane, epithelium, and keratin layer29 with no
polarization changing content. Collagen fibrils are organized
to fibril bundles, arranged in collagen fibers of different thick-
nesses, and embedded in the connective tissue of the reticular
layer of the lamina propria. While the collagen fiber bundles
of the lining oral mucosa are linearly aligned, the bundles in
the dentogingival unit of the gingiva run in various directions.
Regarding specialized oral mucosa, e.g., the dorsum of the
tongue, collagen fibers can be found within the connective tissue
core of each papilla and in the transition part between papillae
as well as beneath in the laminar propria49 and may cause
birefringence.
For the pilot study, we have imaged representative dental and
mucosal structures of the anterior oral cavity of two volunteers
(A: male 30 years, B: female 33 years) in vivo. Prior to the PS
OCT measurements, oral examination was performed by an
experienced dentist in order to select specific regions accessible
for in vivo dental imaging and to diagnose pathological altera-
tions. Photographic overviews of the oral cavity were made for
the allocation of the imaged regions (cp. Fig. 3). Besides the
imaging of healthy lingual, labial, and gingival oral mucosa
as well as inconspicuous tooth structures, a composite restora-
tion at incisor 11 and a mineralization defect at premolar 24 of
volunteer A as well as the cervical area of premolar 24 of
volunteer B are imaged by PS OCT. All measurements were
performed in contact mode by an attached distance piece in
order to reduce motion artifacts.
3 Results
3.1 PS OCT Imaging of Healthy Human Incisor
In Vivo
The imaging of the polarization contrast parameter retardation
δðzÞ, optic axis orientation θðzÞ, and DOPU [cp. Eqs. (2)–(4)]
will initially be explained on the example of the healthy
permanent incisor 21 of volunteer A before considering dental
alterations. The images acquired separately by the co- and cross-
polarization channels as well as the calculated reflectivity image
are shown in Figs. 4(a)–4(c). The copolarization channel [cp.
Fig. 4(a)] contains the regular backscattering of nonpolarizing
and nonbirefringent structures, whereas birefringent and polari-
zation changing structures partly transfer light into the crosspo-
larization channel [cp. Fig. 4(b)]. The main backscattering
signal of deeper structures is contained in the crosspolarization
channel [cp. Fig. 4(b)] because of the polarization changing
property of enamel and dentin. In this context, Chen et al.
have concluded that the reason for the polarization behavior
of dental structures imaged by PS OCTwith circularly polarized
light is caused by different polarization mechanics.45 While
birefringence is mainly reasonable for enamel, it is stated
in Ref. 45 that multiple scattering rather than birefringence
could be primarily causal for the transfer of light field energy
from the co- to the crosspolarization channel for dentin (referred
to as polarization memory effect in Ref. 45). Combining the
backscattering signals to the common reflectivity information
[cp. Fig. 4(c)], the sample structure can be shown free from bire-
fringence artifacts such as periodic birefringence bands within
the enamel. Clearly, a weak boundary within the enamel can be
identified, which is probably assigned to different enamel types
delimited by varying orientation of enamel prisms. Apparently,
Fig. 3 Photographic overview of teeth and peridontium of (a, b)
volunteers A and (c) B, respectively. Healthy mucosal and dental
structures, the composite restoration at incisor 11 [asterisk in (a)] and
the mineralization defect at premolar 24 [asterisk in (b)] of volunteer A
as well as the cervical area of tooth 24 [asterisk in (c)] of volunteer B
are imaged. The colored horizontal dashed lines indicate the position
of the representative B-scans in Sec. 3. Red dashed line: Fig. 4, green
dashed line: Fig. 5, bright blue dashed line: Fig. 6, violet dashed line:
Fig. 7, and dark blue dashed line: Fig. 8.
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the reflectivity below the DEJ in dentin is initially low and
increases at larger depth, which could correspond to the transi-
tion zone of mantle dentin and circumpulpal dentin differing in
the amount, size, and configuration of collagen fibrils.50 The
horizontal stationary stripes appearing in different depths within
the cross sectional images are probably caused by high-
frequency signal components of the balanced detectors, which
are mirrored into lower imaging frequencies and visible due to
an imprecise background correction. Furthermore, the ratio
between axial and lateral pixel sizes is not corrected for the
optimal presentation of depth information and the axial depth
is consistently adjusted on the refractive index of enamel in
the 1300 nm wavelength range of 1.631.51
The image parts of Figs. 4(d)–4(f) present the PS OCT
images of the retardation δðzÞ, optic axis orientation θðzÞ, and
DOPU of the labial surface of the healthy incisor 21 with
marked DEJ (black/white dashed line). A threshold value at
a total reflectivity of 21 dB was chosen for eliminating back-
ground noise by a gray mask. Because the measurement of
the retardation and optic axis orientation is cumulative over
depth, the retardation is initially close to zero at the outer enamel
surface (OES) and increases as a function of the light path in the
birefringent enamel for which reason the retardation appears as a
colored banded structure over depth [cp. Fig. 4(d)]. As the labial
surface of tooth 21 was measured close to the incisal edge,
the incident light beam is oblique or rather perpendicular to
the longitudinal axis of the enamel prisms in the outer enamel
region resulting in a strong birefringence effect as shown in
Fig. 4(d). Toward the DEJ, δðzÞ varies in the lateral direction
and shows an increased noise, which could be caused by
structural characteristics at this border, e.g., enamel tufts and
spindles. Regarding the polarization effect below the DEJ, a
strong retardation δðzÞ, visible as abrupt color change to red
and back, could be measured apparently caused by a birefringent
structure within the dentin. The noisy retardation below prob-
ably appears due to the combination of multiple scattering.45
Considering the optic axis orientation, two main regions
within the enamel become apparent, around θðzÞ ¼ 0 (upper
region of E) and θðzÞ ¼ π∕2 (lower region of E). Since the
measurement of the optic axis orientation is cumulative, a
phase jump from zero (white color) to π∕2 (violet color) appears
for the measured θðzÞ at a sample axis orientation of zero and a
retardation of π∕2 [cp. Fig. 2(b)], whereas the main orientation
of the enamel prisms is retained. This effect is caused by the
measurement method itself resulting in a cumulative measured
axis orientation, sometimes referred to as artifact. Regarding the
region below the DEJ, the measured θðzÞ of the circumpulpal
dentin is zero too, corresponding to a phase jump from θðzÞ ¼
π∕2 (violet color) to θðzÞ ¼ 0 (white color) due to the cumula-
tive measurement of θðzÞ. The calculated DOPU image in
Fig. 4(f) confirms the interpretation of Figs. 4(d) and 4(e).
Again, this is caused by the cumulatively measured retardation
and axis orientation of OCT.
3.2 PS OCT Imaging of Dental Alterations In Vivo
Since PS OCT provides additional contrast for dental OCT
imaging, conspicuous tooth structures within the anterior oral
cavity are investigated. First, the labial surface of the central
incisors of volunteer Awas selected for imaging the differences
in depth structure between tooth 11 with a composite restoration
and the healthy tooth 21 [cp. Fig. 3(a)]. The reflectivity images
calculated on the basis of Eq. (2) are presented for three repre-
sentative B-scans of the detected volume scan in Figs. 5(a), 5(d),
and 5(g). There, the composite restoration at tooth 11 character-
ized by a homogeneous backscattering signal can be clearly
differentiated from the subjacent tooth structure. Interestingly,
the underlying enamel structure contains a distinct crack [plus
sign in Figs. 5(a), 5(d), and 5(g)], which is probably caused from
dental trauma and continuously detected through the entire vol-
ume scan. Moreover, small cracks [green arrow in Fig. 5(d)] and
interfacial gaps [green arrow in Fig. 5(g)] are visible at the edge
Fig. 4 Single OCT B-scans of (a) the copolarization and (b) crosspolarization channel as well as (c) the
determined reflectivity image recorded of the OES, the enamel (E), DEJ, and dentin (D) of the healthy
tooth 21 in vivo. The approximate location of the B-scans is related to the red dashed line in Fig. 3(a).
For polarization contrast imaging, (d) the phase retardation, (e) the optic axis orientation, and (f) the
DOPU is calculated. The black/white dashed line in (d–f) marks the DEJ on the basis of the reflectivity
image in (c). Scale bars correspond to 500 μm. The scale bar in depth direction is adjusted on the
refractive index of enamel in the 1300 nm range of 1.631.51
Journal of Biomedical Optics 121717-5 December 2017 • Vol. 22(12)
Walther et al.: In vivo imaging of human oral hard and soft tissues. . .
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 01 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
47
region of the restoration. Regarding polarization-sensitive
imaging, the retardation, and DOPU images in Figs. 5(b), 5(e),
5(h) and 5(c), 5(f), 5(i) contain additional information of
the composite restoration not detectable with classic intensity-
based OCT [represented by Figs. 5(a), 5(d), and 5(g)]. Since
the composite equals a random turbid media with spherical
scatterers, the polarization of the incident light is retained in the
backscattered portion for which reason no polarization contrast
[δðzÞ ¼ 0 in Figs. 5(b), 5(e), and 5(h)] is present. Consequently,
the backscattered light is almost completely detected in the
copolarization channel and only a negligible amount is notice-
able in the crosspolarization channel probably due to multiple
scattering. Apparently, small polarization changing regions
[marked by the asterisks and cross sign in Figs. 5(b), 5(e),
and 5(h)] exist within the composite visible by a rapid change
of retardation in comparison to the surrounding region. There,
the measured retardation shows a strongly increased noise rep-
resenting a high degree of depolarization, which is confirmed by
the DOPU images in Figs. 5(c), 5(f), and 5(i). Although the
medical interpretation of this effect is not clear, the incident cir-
cularly polarized light is depolarized underneath the small crack
[asterisk in Fig. 5(e)], the interfacial gap [cross sign in Fig. 5(h)],
and within the composite itself [asterisks in Figs. 5(b) and 5(h)].
These regions probably contain inhomogeneously distributed
birefringent substances (arising from the enamel, e.g., HAP
and/or the composite) resulting in a measurable depolarization
of the backscattered light. Since structures beneath are imaged
with depolarized light, the polarization contrast gets lost for
deeper birefringent tissues. Besides the visible dental structures,
imaging artifacts appear due to a coherence revival in the swept
laser and internal reflections of the optical setup, which is espe-
cially discoverable on the upper right-hand side of the images.
Second, a mineralization defect at the buccal side of tooth
24 of volunteer A is imaged [cp. Fig. 3(b)]. Three B-scans of
the volume scan are selected as example for near-surface
[Figs. 6(a)–6c)] and deep [Figs. 6(d)–6(f)] demineralization
in comparison to inconspicuous neighboring areas [Figs. 6(g)–
6(i)]. The near-surface mineralization defect shows a strong
backscattering signal and a high depolarization underneath
as shown in Figs. 6(a)–6(c). The signal below the mineraliza-
tion defect is not corresponding to real tooth structure but
rather caused by multiple scattered light having a longer light
path for which reason an apparent backscattering signal with
strong depolarization occurs in deeper regions. Interestingly,
the deeper demineralization causes a less strong backscattering
signal and a smaller amount of multiple scattering leading
to a smaller DOPU as seen in Figs. 6(d)–6(f). Nevertheless,
DOPU provides a strong contrast for distinct mineralization
defects.
Third, the cervical area of the buccal side of the premolar
24 of volunteer B is measured. As shown in Figs. 7(a)–7(c),
exposed dentin, which was diagnosed by the dentist before
Fig. 5 Composite restoration at the proximal region of tooth 11 in comparison to the inconspicuous tooth
21 of volunteer A imaged by PS OCT. Image series showing (a, d, g) the reflectivity, (b, e, h) retardation,
and (c, f, i) DOPU content of three representative B-scans of the detected volume scan. The approximate
location of the B-scans is related to the green dashed line in Fig. 3(a). Plus sign: continous distinct crack
within the enamel. Asterisk and cross sign: small regions of depolarization within and below the
composite. Scale bars correspond to 500 μm. (Copolarized, crosspolarized, and optic axis orientation
images in the appendix Figs. 13 and 14).
Journal of Biomedical Optics 121717-6 December 2017 • Vol. 22(12)
Walther et al.: In vivo imaging of human oral hard and soft tissues. . .
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 01 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
48
[cp. Fig. 3(c)], is detected at the transition to the gingiva. A
polarization effect can be measured from the deeper region
of the exposed dentin [δðzÞ ∼ π∕2 in Fig. 7(b)], which shows
increased noise as validated by the DOPU cross section in
Fig. 7(c). A higher retardation is also measured at the border
area close to the gingiva [cross sign in Figs. 7(a) and 7(b)].
Selecting representative B-scans with enamel, imperfect
mineralization can be identified within the enamel [asterisk
in Figs. 7(d)–7(f)] but also a strong ablation of dentin [plus
sign in Figs. 7(d)–7(f)]. Going further toward the lower cervical
third, enamel is affected by mineralization irregularities at three
regions [asterisk, hashtag, and circle in Figs. 7(g)–7(i)]. While
the contrast in the reflectivity image is low, the DOPU visuali-
zation shows increased contrast for depolarization within and
underneath the defect. Interestingly, the mineralization defect
presented in Fig. 7 could clinically be seen only when a dental
microscope was used. Regarding the gingiva, the imaging depth
is partly reduced possibly due to the increased keratinization
caused by traumatic tooth brushing.
3.3 PS OCT of the Human Oral Mucosa In Vivo
For evaluating the contrast advantage of PS OCT for in vivo
imaging of oral soft tissue, three different regions of the anterior
oral cavity are chosen with respect to the three main types of oral
mucosa. First, the cervical region of tooth 21 of volunteer A is
imaged with focus on the transition to the gingiva as an example
for masticatory oral mucosa. Representative PS OCT image
series are shown in Fig. 8 showing the increasing amount of
gingiva relative to the cervical area of tooth 21. There, PS
OCT provides an additional contrast likely caused by the gin-
gival collagen fibers ensuring the attachment of the junctional
epithelium to the tooth. With regard to the retardation and optic
axis orientation shown in Figs. 8(b), 8(f), 8(j) and 8(c), 8(g),
8(k), different regions with strong birefringent behavior [asterisk
in Figs. 8(a)–8(c) and 8(e)–8(g)] become apparent probably
caused by fiber bundles bracing the gingiva against the tooth
and being accessible by OCT in this region, e.g., dentogingival
and intercircular fiber bundles. Also remarkable is the birefrin-
gent contrast in deeper regions within the gingiva [cross sign in
Figs. 8(e)–8(g) and 8(i)–8(k)]. Since the optic axis orientation is
strongly changing in this zone and not describable by a gradual
increasing retardation due to cumulative measurement, the con-
trast in δðzÞ and θðzÞ is suggested to be caused by deep-lying
fiber bundles, e.g., alveologingival fibers. Moreover, the closed
gingiva above tooth 21 shows an increased polarization contrast
[plus sign in Figs. 8(i)–8(k)].
Second, the inner side of the lower lip of volunteer A as rep-
resentative lining oral mucosa is investigated by PS OCT. By
means of the reflectivity images in Figs. 9(a) and 9(d), the
low scattering epithelial layer (EP) above the highly scattering
lamina propria (LP) are clearly differentiable. Apparently, few
capillaries and labial glands (LG), belonging to the minor sali-
vary glands, are identifiable as well. The asterisks in Figs. 9(a)
Fig. 6 Selected B-scans of the detected volume scan of the buccal surface of tooth 24 of volunteer A
showing cross sections of (a–c) near-surface and (d–f) deep mineralization defect as well as of (g–i) the
inconspicuous neighboring region. The approximate location of the B-scans is related to the bright blue
dashed line in Fig. 3(b). Scale bars correspond to 500 μm. (Copolarized, crosspolarized, and optic axis
orientation images in the appendix Figs. 15 and 16).
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Fig. 7 Cervical area of tooth 24 of proband B showing (a–c) exposed dentin, (d–f) beginning enamel and
partly ablated dentin as well as (g–i) enamel with early mineralization defect. The approximate location of
the B-scans is related to the violet dashed line in Fig. 3(c). Cross sign: polarization change at the border
area of the dentin close to the gingiva (G). Asterisk, hashtag, and circle: mineralization irregularities within
the enamel. Plus sign: ablation region of the exposed dentin. Scale bars correspond to 500 μm.
(Copolarized, crosspolarized, and optic axis orientation images in the appendix Figs. 17 and 18).
Fig. 8 Transition of tooth to gingiva (G) by means of the cervical region of tooth 21 of volunteer A.
Regions with enhanced polarization contrast are suggested to be caused by, e.g., dentogingival and
intercircular collagen fiber bundles (asterisk), alveologingival fibers (cross sign), and intergingival fibers
(plus sign). The approximate location of the B-scans is related to the dark blue dashed line in Fig. 3(a).
Scale bars correspond to 500 μm. (Co- and crosspolarized images in the appendix Fig. 19).
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and 9(d) mark gland duct orifices upon the mucous membrane
showing a small reflex of the saliva at each orifice. Regarding
the polarization contrast by means of retardation and optic axis
orientation, a strong birefringence is detectable within the LP for
the entire image width probably caused by the collagen fiber
content. In addition, the excretory ducts are influencing the
course of the collagen fiber bundles for which reason the retar-
dation and optic axis orientation in the LP is different from
Fig. 9 Inner side of the lower lip of volunteer A representing exemplarily the lining mucosa detected by
PS OCT to present the (a, d) reflectivity, (b, e) retardation, and (c, f) optic axis orientation. Asterisk:
orifices of the labial salivary glands. EP, epithelium; LP, lamina propria; LG, labial gland. Cross sign:
glandular openings are birefringent for which reason the optic axis orientation is lateral continuously
changing with constant retardation. Scale bars correspond to 500 μm. (Copolarized, crosspolarized
and DOPU images in the appendix Fig. 20).
Fig. 10 En face images (single slices) of the labial oral mucosa of the inner side of the lower lip of
volunteer A in a depth of (a–h) 380 and (i–l) 680 μm below the surface. There, (a–d) correspond to
the enlarged view of the (e–h) lower right image part of the image series. Representative B-scans of
the data set are shown in Fig. 9. Crosspolarization, retardation, and optic axis orientation images provide
a significant contrast of the collagen fibers within the LP. Moreover, the circularly arranged fiber bundles
arround the gland duct orifices can also be imaged with high contrast by the measured retardation and
optic axis orientation [asterisks in (c, g) and (d, h)]. Scale bars correspond to 1 mm. (Copolarized, cross-
polarized, and DOPU images in the appendix Fig. 21).
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the surrounding tissue. Moreover, the glandular openings are
surrounded by thin layers of connective tissue forming circular
sheaths, which in turn are birefringent. There, the variable optic
axis orientation of the birefringent fibers of the duct wall
results in a measured lateral continuously running axis orienta-
tion with constant retardation [cross sign in Figs. 9(b), 9(c) and
9(e), 9(f)]. Furthermore, the rapid change of the measured optic
axis orientation from θðzÞ ¼ π∕3 (red) to θðzÞ ¼ −π∕3 (blue)
occurs for the cumulatively measured retardation of δðzÞ ¼
π∕2 and can be explained by means of Fig. 2(b).
En face images of the same data set (cp. Fig. 9) of the labial
oral mucosa are generated and selected in different depths (about
380 and 680 μm beneath the surface) within the LP and shown
in Fig. 10 [Figs. 10(a)–10(d) correspond to the enlarged view of
Figs. 10(e)–10(h)]. The reflectivity images [Figs. 10(a), 10(e),
and 10(i)] display the scattering structures of the connective
tissue regardless of the birefringence properties. The polariza-
tion contrast of the almost linearly arranged birefringent
collagen fibers becomes apparent by the retardation in grayscale
[Figs. 10(b), 10(f), and 10(j)] and in color [Figs. 10(c), 10(g),
and 10(k)] as well as the optic axis orientation [Figs. 10(d), (h),
and 10(l)]. As shown in Figs. 10(b), 10(f), 10(j) and 10(c), 10(g),
10(k), the en face view of the retardation provides a strong con-
trast for the birefringent fiber structures within the LP. The gland
duct orifices are clearly visible by their surrounding fiber struc-
ture and its birefringent behavior [asterisks in Figs. 10(b), 10(c)
and 10(f), 10(g)]. Since the collagen fibers are circular surround-
ing the glandular ducts, the measured optic axis orientation is
circularly changing at the corresponding regions [asterisks in
Figs. 10(d) and 10(h)]. The circular color scale in Fig. 10(d)
represents the fast axis orientation. The contrast difference
between the measured retardation and optic axis orientation in
Figs. 10(g), 10(h) and 10(k), 10(l) can be explained by means of
the gradients of the color bars in the simulation in Fig. 2. While
the measured retardation already provides a strong contrast
for the cumulatively measured sample retardation smaller than
π∕2, the measured optic axis orientation changes abruptly at
δðzÞ ¼ π∕2.
Third, the dorsal surface of the anterior outer third of the
tongue body with distinctive specialized oral mucosa, contain-
ing mainly filiform papillae and occasionally distributed
fungiform papillae, is imaged by PS OCT in volunteer A.
Cross sectional reflectivity images in Figs. 11(a), 11(d), and
11(g) show the specialized mucosa of the anterior dorsal surface
with two types of lingual papillae. Fungiform papillae [asterisk
in Figs. 11(a) and 11(g)] are characterized by a thin nonkerati-
nized covering epithelium and a core of connective tissue, which
both can be identified in Figs. 11(a) and 11(g). In contrast,
filiform papillae [cross sign in Fig. 11(a)] are covered by a thick
keratinized epithelium for which reason the imaging depth is
decreased and therewith the papilla core and underlying struc-
tures are not detectable. Nevertheless, oral mucosa between
the papillae permits a high imaging depth through the EP up
to the LP. Considering the retardation and optic axis orientation
images, a high polarization contrast in the regions between
the papillae [plus signs in Figs. 11(b), 11(e), 11(h) and 11(c),
11(f), 11(i)] as well as in the deep reticular layer of the LP
becomes apparent [hashtag in Figs. 11(b), 11(e), 11(h) and
11(c), 11(f), 11(i)]. For the transition regions, it is assumed
that oriented collagen fiber bundles surrounding partly the
Fig. 11 Cross sectional images of the dorsal surface of the anterior outer third of the tongue body of
volunteer A. Asterisk: Fungiform papillae with thin stratified squamous epithelium and connective tissue
forming the papilla core. Cross sign: Filiform papillae with cornified tips resulting in high backscattering
and strongly decreased imaging depth. Hashtag: Birefringent behavior of collagen fibers within the reticu-
lar layer of the LP cause a change in retardation. Plus sign: Polarization contrast probably due to outer
collagen fibers of the connective tissue core of the papilla, EP, epithelium; LP lamina propria. Scale bars
correspond to 500 μm. (Copolarized, crosspolarized, and DOPU images in the appendix Fig. 22.)
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papilla core49 cause the strong polarization contrast. Regarding
the retardation within the core of the few fungiform papillae, no
birefringent behavior is measured due to the randomly oriented
collagen fibers of the connective tissue core.
Additionally, an en face projection of the determined reflec-
tivity, retardation, and optic axis orientation in a specific depth
of 520 μm is chosen and presented together with an enlarged
view in Figs. 12(a)–12(c) and 12(d)–12(f). A contrast enhance-
ment by means of the retardation and optic axis orientation
becomes visible for the collagen fibers of the connective tissue
in the transition parts between papillae.
4 Discussion and Summary
In this study, PS OCT with single circular input state in combi-
nation with the evaluation of reflectivity, retardation, optic
axis orientation, and DOPU was used for cross sectional and
en face imaging of hard and soft tissues in the anterior oral
cavity. To the best of our knowledge, the value of this research
is the visualization of retardation, optic axis orientation, and
DOPU as polarization parameters in PS OCT, already estab-
lished in ophthalmology, dermatology, and cardiology,9,16 for
the reliable interpretation of biological tissue with increased
tissue-specific contrast in the human oral cavity in vivo.
Regarding the experimental results of oral hard tissues,
circular polarized light incidence is advantageous in comparison
to linear polarized incident light19,20,33–39 since the fast or slow
birefringent axis could coincide with the linear polarization
undesirably resulting in the measurement of a strongly reduced
or even no birefringence.40 The additional information of retar-
dation, optic axis orientation, and/or DOPU of the proposed
method enables the precise local mapping of alterations to
the surrounding inconspicuous birefringent tooth structures,
which is highly recommended in future dental studies. In com-
parison to the reflectivity images, special characteristics within
and underneath composite restorations are detectable making
phase-sensitive PS OCT attractive for follow up monitoring
of composite restorations and dental fillings. Furthermore and
especially in comparison to the sole analysis of the images of
the co- and crosspolarization channels,34 peripheral regions of
demineralization are more reliably determined by the combina-
tion of reflectivity and DOPU images, which should potentially
be useful for routine monitoring in dentistry but also for basic
research. Regarding the cervical region of teeth, the proposed
imaging standard with PS OCT enables the imaging of the bire-
fringent content of the gingiva, the structural characteristic of
exposed birefringent dentin in the case of gingival recession
as well as the validation of changes in mineralization of vulner-
able enamel at exposed tooth necks. Moreover, the visualization
of retardation, optic axis orientation, and DOPU in combination
with the reflectivity imaging should be worthwhile to consider
in ex vivo fundamental research and prospective clinical in vivo
follow-up monitoring.
Fig. 12 En face images (single slices) showing the reflectivity, retardation, and optic axis orientation
information in (a–c) a depth of 520 μm with (d–f) corresponding zoom view of the lingual mucosa of
the dorsum of the tongue of volunteer A. Representative B-scans of the data set are shown in
Fig. 11. Scale bars correspond to 1 mm. (Copolarized, crosspolarized, and DOPU images in the appen-
dix Fig. 23.)
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Fig. 13 (Appendix) In addition and complementary to Figs. 5(a)–5(c), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the composite restoration at the proximal region
of tooth 11 in comparison to the inconspicuous tooth 21 of volunteer A. Scale bars correspond to 500 μm.
Fig. 14 (Appendix) In addition and complementary to Figs. 5(g)–5(i), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the composite restoration at the proximal region
of tooth 11 in comparison to the inconspicuous tooth 21 of volunteer A. Scale bars correspond to 500 μm.
Fig. 15 (Appendix) In addition and complementary to Figs. 6(a)–6(c), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the near-surface mineralization defect at
the buccal surface of tooth 24 of volunteer A. Scale bars correspond to 500 μm.
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Fig. 16 (Appendix) In addition and complementary to Figs. 6(d)–6(f), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the deep mineralization defect at the buccal
surface of tooth 24 of volunteer A. Scale bars correspond to 500 μm.
Fig. 17 (Appendix) In addition and complementary to Figs. 7(d)–7(f), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the cervical area of tooth 24 of proband B
showing beginning enamel and partly ablated dentin. Scale bars correspond to 500 μm.
Fig. 18 (Appendix) In addition and complementary to Figs. 7(g)–7(i), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the cervical area of tooth 24 of proband B
showing enamel with early mineralization defect. Scale bars correspond to 500 μm.
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Fig. 19 (Appendix) In addition and complementary to Figs. 8(e)–8(h), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the transition of tooth to gingiva by means of
the cervical region of tooth 21 of volunteer A. Scale bars correspond to 500 μm.
Fig. 20 (Appendix) In addition and complementary to Figs. 9(d)–9(f), copolarization, crosspolarization,
reflectivity, retardation, optic axis orientation, and DOPU of the inner side of the lower lip of volunteer A.
Scale bars correspond to 500 μm.
Fig. 21 (Appendix) In addition and complementary to Figs. 10(e)–10(h), copolarization, crosspolariza-
tion, reflectivity, retardation, optic axis orientation, and DOPU of the en face images of the labial oral
mucosa of the inner side of the lower lip of volunteer A in a depth of 380 μm below the surface.
Scale bars correspond to 1 mm.
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Since most of the alterations of oral soft tissue are visually
detected in dentistry, the application of PS OCT in this study
was expanded to the oral mucosa. Also in this field of applica-
tion, the proposed PS OCT offers a tissue-specific contrast for
the linear aligned collagen fiber bundles in the reticular layer of
the lamina propria in the case of lining oral mucosa but also for
specific tissue regions with embedded collagen fibers in the case
of the specialized oral mucosa, e.g., the dorsum of the tongue.
With this background and the future extension to the entire oral
cavity, the precise detection of structural changes within the
birefringent region of the lamina propria is conceivable.32,52
Moreover, PS OCT probably has the potential to detect the
borders of altered oral tissue more reliably due to the enhanced
tissue contrast compared to neighboring unchanged tissues.
In summary, the utilization of the phase-sensitive detection
of the backscattering signal in two orthogonal polarization
channels and the determination of the parameters reflectivity,
retardation, optic axis orientation, and depolarization is state-
of-the-art in various biomedical applications of PS OCT and
enables a detailed physical interpretation of the investigated
biological tissue such as oral hard and soft tissues as presented
in this research. The results of the pilot study show the potential
of PS OCT, with single circular polarization input state and
adapted data processing, for the in vivo imaging of oral tissues
on the example of the anterior oral cavity. Because of the simul-
taneous information of morphology by the reflectivity and
polarization properties by retardation, optic axis orientation
and DOPU, PS OCT with phase-sensitive detection is highly
Fig. 22 (Appendix) In addition and complementary to Figs. 11(a)–11(c), copolarization, crosspolariza-
tion, reflectivity, retardation, optic axis orientation, and DOPU of the dorsal surface of the anterior outer
third of the tongue body of volunteer A. Scale bars correspond to 500 μm.
Fig. 23 (Appendix) In addition and complementary to Figs. 12(a)–12(c), copolarization, crosspolariza-
tion, reflectivity, retardation, optic axis orientation, and DOPU of the en face images of the lingual mucosa
of the dorsum of the tongue of volunteer A in a depth of 520 μm. Scale bars correspond to 1 mm.
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recommended for depth-resolved clinical imaging of oral hard
and soft tissues in the future.
Appendix
For the completeness and transparency of the presented exper-
imental data, images of the co- and crosspolarization channel as
well as reflectivity, retardation, optic axis orientation and DOPU
are prepared in addition to Figs. 5–12.
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5
Erkennung kariöser Läsionen mit PSOCT-
basierter Depolarisationsbildgebung
J. Golde, F. Tetschke, J. Walther, T. Rosenauer et al.
Um die PSOCT-Kontrastdarstellungen der In-vivo-Untersuchungen aus dem vorangegangenen
Kapitel auch für die Eignung zur Kariesdiagnostik zu validieren, werden in der folgenden Arbeit
PSOCT-Messungen an extrahierten Zähnen mit unterschiedlichen Kariesstadien vorgestellt. Im
Zusammenhang damit erfolgt in dieser Arbeit erstmalig die Darstellung des DOPU-Kontrastes
bei kariösen Läsionen. Weiterhin wird die optimale Größe des für den DOPU-Algorithmus
verwendeten Kernels evaluiert.
Zusammenfassung der Ergebnisse
Die DOPU-Darstellung liefert bereits bei frühen white-spot Demineralisierungen eine stärkere
Abgrenzung zum gesunden Schmelz als die Abbildung der Reflektivität und führt für die Detektion
von Läsionen erstmalig einen Kontrast auf Basis der Depolarisation ein. Auf Basis des DOPU-
Kontrastunterschiedes zwischen gesundem Schmelz und Läsion mit verschiedenen Kernel-
Größen wurde ein Kernel mit einer Größe von 3 x 3 Pixel als Optimum ermittelt.
Schlussfolgerungen
Frühe Kariesstadien sind mit Polarisationsänderungen des Lichtes assoziiert die durch PSOCT-
basierte Darstellungen detektiert werden können. Dabei könnte die Abbildung des Depolarisati-
onsgrades (DOPU) aufgrund des hohen Kontrastes zum gesunden Zahnschmelz ein geeignetes
Bildgebungsverfahren für ein diagnostisches Screening darstellen. Eine Integration der Kompo-
nenten für PSOCT-Messungen in miniaturisierte Sonden könnte die Depolarisationsbildgebung
erstmalig für die Bildgebung der Approximalflächen zugänglich machen.
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Abstract. As dental caries is one of the most common diseases, the early and noninvasive detection of carious
lesions plays an important role in public health care. Optical coherence tomography (OCT) with its ability of
depth-resolved, high-resolution, noninvasive, fast imaging has been previously recognized as a promising
tool in dentistry. Additionally, polarization sensitive imaging provides quantitative measures on the birefringent
tissue properties and can be utilized for imaging dental tissue, especially enamel and dentin. By imaging three
exemplary tooth samples ex vivo with proximal white spot, brown spot, and cavity, we show that the combination
of polarization sensitive OCT and the degree of polarization uniformity (DOPU) algorithm is a promising
approach for the detection of proximal carious lesions due to the depolarization contrast of demineralized tissue.
Furthermore, we investigate different sizes of the DOPU evaluation kernel on the resulting contrast and conclude
a suitable value for this application. We propose that DOPU provides an easy to interpret image representation
and appropriate contrast for possible future screening applications in early caries diagnostics. © The Authors.
Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.23.7.071203]
Keywords: optical coherence tomography; dentistry; polarization contrast; dental caries; biomedical imaging; depolarization.
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1 Introduction
The early identification of proximal carious lesions is still one of
the most challenging issues in modern cariology and odontology,
whereas several visual, optical, and radiographic techniques have
been developed and improved in recent years.1,2 Providing depth-
resolved, high-resolution images of biological samples, optical
coherence tomography (OCT) is a promising tool for detecting
caries noninvasively, since first investigations of dental hard tissue
in vitro and in vivowere performed by OCT,3,4 and imaging in the
near-infrared range proved convenient scattering and absorption
properties.5 So far, OCT has shown the potential to provide effec-
tive and reproducible diagnoses for clinical applications,6 and
algorithms that enable early caries segmentation from conven-
tional OCT images have been presented.7 Additionally to the
structural imaging based on backscattering intensities, miscella-
neous modalities and extensions for OCT have been developed,
which provide tissue-dependent contrast. This includes polariza-
tion sensitive imaging and the consequent measurement of depth-
resolved birefringence, which until now has been applied in
many biomedical as well as nonmedical fields.8,9 In terms of
hard dental tissue and caries detection, first polarization sensitive
OCT (PS-OCT) measurements confirmed the birefringent pro-
perties of enamel and dentin,4,10 and it was determined that
demineralization, accompanying carious infections, results in
depolarization of light.11 Since then, several studies have shown
the potential of PS-OCT to observe the internal structure and
the remineralization of lesions, as well as an early detection of
variously located caries.12–14 Thereby, the occurring depolariza-
tion effect for linearly polarized incident light is usually evaluated
by an intensity measurement of the perpendicular polarization
state.15
Complementary to the development of PS-OCT imaging for
dental hard tissue, the assessment of depolarizing properties as a
tissue specific contrast in ophthalmology led to the definition of
the degree of polarization uniformity (DOPU) as a tool for retinal
pigment epithelium segmentation.16 Since OCT as an interfero-
metric technique only measures the contribution of fully polarized
light, following the Jones formalism, it is impossible to determine
the degree of polarization (DOP) from a single speckle or mea-
surement. The DOPU algorithm, therefore, averages the Stokes
components over adjacent speckles, and the underlying polariza-
tion scrambling results in a decreased DOP in the evaluation
window. Based on DOPU, several improvements concerning
its noise sensitivity, orientation dependency, and evaluation kernel
size have been proposed9,17–20 and enhance depolarization imag-
ing as a powerful tool for several biomedical applications.
Therefore, we demonstrate that depolarization imaging based
on the DOPU algorithm could be a convenient and significant
method in cariology to differentiate early and advanced stages of
carious lesions from sound dental tissue. Additionally, we exem-
plary evaluate the impact of different kernel sizes on the DOPU
*Address all correspondence to: Jonas Golde, E-mail: jonas.golde@tu-dresden
.de
†These authors contributed equally to this work
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contrast in this case and show that depolarization imaging offers
images, which are easy to interpret.
2 Materials and Methods
2.1 Experimental Setup
To perform polarization sensitive measurements, we set up a cus-
tom swept source OCT system (Fig. 1) with single-mode fibers
and a bulk optics scanner head, which is mainly based on a con-
cept initially proposed by Hee et al.21 A swept source laser
(Axsun Technologies Inc., Billerica, Massachusetts) with a
sweep rate of 50 kHz, a center wavelength of λ0 ¼ 1310 nm,
and a spectral bandwidth of Δλ ¼ 110 nm (used for image
processing) is connected via fiber couplers (FC) to a fiber Bragg
grating (FBG), to create a phase stable sweep trigger signal,
and to a booster optical amplifier to compensate later coupling
losses in the interferometer setup. Polarization controllers (PCs)
allow the alignment of linearly polarized light incident into the
polarization-dependent booster optical amplifier (BOA) and the
bulk optics setup, which is connected via an optical circulator
(OC). An initially passed polarizing beam splitter (PBS) operates
in forward direction as a polarizer, before a nonpolarizing beam
splitter (BS) equally separates the light into reference and sample
arm. The polarization rotation of the reference light results in
a diagonal polarization, as the quarter wave plate (QWP) in
the reference arm has an orientation of 22.5 deg with respect to
the optical axis. Contrarily, the incident light on the sample is
circularly polarized due to a 45-deg-oriented QWP in the sample
arm. Therefore, the returning sample light obtains an arbitrary
elliptical polarization state depending on the sample’s birefrin-
gence. The superposed light from reference and sample arm is
then split by two PBS into both orthogonal polarization states,
which finally results via collimating optics and single-mode fibers
in a dual balanced detection of the co- and cross-polarization
interference spectra. To acquire the data linear in k-space, the
clock signal of the swept laser is utilized as a sampling trigger
of the high-speed digitizer (Alazar Technologies Inc., Pointe-
Claire, Canada).
For this study, volumes of 1280 × 1280 A-scans with a step
size of 8 μm in both lateral directions and a total imaging depth
of 4.96 mm, corresponding to 1024 pixels or an axial pixel
size of 4.8 μm in air, were recorded. The lateral and the axial
resolutions in air were measured to be 15.6 and 15.1 μm, respec-
tively. All data acquisition and image processing were per-
formed by customized LabVIEW (National Instruments Inc.,
Austin, Texas) and Fiji22 software.
2.2 Image Calculation and Representation
As the underlying concept of polarization, Jones and Stokes
formalisms, and image formation in conventional as well as
PS-OCT with circularly polarized incident light on the sample
and the presented detection scheme is widely described and was
recently summarized by de Boer et al.,9 the image formation
from the spectra will be outlined here in brief.
The inverse Fourier transform of the balanced and linearly
in k-space detected interference spectra for both cross- and
co-polarization channel results in complex, depth-resolved
A-scans with amplitudes AxðzÞ, AyðzÞ, and phases ϕxðzÞ,
ϕyðzÞ, and phase differences ΔφðzÞ ¼ φyðzÞ − φxðzÞ, respec-
tively. Hence, the reflectivity RðzÞ, the retardation δðzÞ, and
the fast axis orientation θðzÞ can be calculated as
EQ-TARGET;temp:intralink-;e001;326;458
RðzÞ ∝ AxðzÞ
2 þ AyðzÞ
2;
δðzÞ ¼ arctan

AyðzÞ
AxðzÞ

;
θsðzÞ ¼
π − ΔϕðzÞ
2
: (1)
Fig. 1 PS-OCT system with swept laser (λ0 ¼ 1310 nm, Δλ ¼ 110 nm). FC, fiber couplers, Det, detec-
tors; FBG, fiber Bragg grating; PC, polarization controllers; BOA, booster optical amplifier; OC, optical
circulator; PBS, polarization beam splitters; LP, linear polarizers; BS, polarization independent beam
splitter; QWP, quarter wave plates oriented at 22.5 deg and 45 deg; RM, reference mirror; GS, galva-
nometer scanners; BD, balanced detectors; and DA, data acquisition card.
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From the calculus’ symmetry derive unambiguous measure-
ment ranges of ½0; π∕2 for δðzÞ and ½−π∕2; π∕2 for θðzÞ. For
visualization, we chose a color gradient of blue, cyan, green,
yellow, and red for δðzÞ (usually known as “jet” scale) and a
transition from purple over blue, white and red to purple for
θðzÞ, as −π∕2 and π∕2 represent the same orientation.
Additionally, the Stokes vector elements I, Q, U, and V can
be calculated for each depth pixel
EQ-TARGET;temp:intralink-;e002;63;664S ¼
0
B
B
@
I
Q
U
V
1
C
C
A
¼
0
B
B
@
A2x þ A
2
y
A2x − A
2
y
2AxAy cos Δϕ
2AxAy sin Δϕ
1
C
C
A
: (2)
Applying the conventional degree of polarization calculus
DOP ¼ ðQ2norm þ U
2
norm þ V
2
normÞ
1∕2 pixel by pixel on the
thus derived Stokes components would result in a DOP ¼ 1
(fully polarized) for the entire image, so that an averaging of
U, Q, and V for adjacent pixel in a certain evaluation kernel
is introduced,16 which leads to the DOPU
EQ-TARGET;temp:intralink-;e003;63;530DOPU ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2norm;mean þ U
2
norm;mean þ V
2
norm;mean
q
: (3)
As the resulting DOPU is highly dependent on the number of
speckles that are taken into account for averaging, and the
speckle size itself depends on the axial and lateral resolutions,23
we decided to evaluate the kernel size as a multiple of axial and
lateral resolution. Consequently, the chosen kernel size of 3 × 3
corresponds to an averaging of 9 (axial) × 6 (lateral) pixels. To
maintain image sizes and enable real-time processing, a recur-
sive two-dimensional moving average algorithm, which avoids
redundant calculation steps, was implemented. The chosen color
transition for representing fully depolarized (0) up to completely
polarized (1) light comprises red, yellow, and green, whereas
yellow matches for a better contrast not the center (0.5) but a
DOPU of about 0.7 in this dimensionless quantity.
Furthermore, a gray mask was applied on retardation, orien-
tation, and DOPU images, which is based on a 16-dB threshold
of the reflectivity data and overlays image regions with noisy or
without sample information. Since the ratio between axial and
lateral pixel sizes was not corrected for a superior depiction of
depth information, all scale bars correspond to 500 μm,
whereby axial depths are consistently adjusted on the refractive
index of enamel in the 1300-nm range of 1.631.24
2.3 Tooth Samples
Based on German regulations for this type of research, no ethical
approval was mandatory for this study.25 Three extracted human
molar teeth with proximal lesions were used for PS-OCT
imaging. The teeth were provided by enretec GmbH (Velten,
Germany) and were stored in a distilled water–thymol solution
to prevent dehydration. The selected teeth were visually exam-
ined by an experienced dentist and showed the following
characteristics:
• Tooth 1: Molar tooth with initial demineralization
(white spot).
• Tooth 2: Molar tooth with discolored demineralization
(brown spot).
• Tooth 3: Molar tooth with advanced carious lesion, pen-
etrating to the dentin–enamel junction (DEJ) (cavity).
3 Results and Discussion
3.1 Polarization Sensitive Imaging
To demonstrate the capability of the PS-OCT system for mea-
suring birefringence in dental hard tissue and likewise comparing
the effect of an early carious lesion on the different representa-
tion modalities, Fig. 2 shows the intensities measured by co- and
cross-polarization channels as well as the resulting reflectivity.
Furthermore, retardation and optical axis orientation are shown
next to the DOPU for a 3 × 3 (multiples of resolution) evaluation
kernel according to Eqs. (1) and (3), respectively. The presented
B-scan of the proximal side of an extracted human molar tooth
corresponds to the same region as presented in Fig. 5 for “white
Fig. 2 OCT B-scan of the co-, cross-polarization channels and the determined reflectivity image showing
enamel (E), the dentin–enamel junction (DEJ), dentin (D), and white spot (W) of an extracted human
molar tooth. For polarization contrast imaging, the retardation, the fast axis orientation, and the
DOPU (3 × 3 kernel) are displayed. This B-scan is an adjacent of the B-scan as shown in Fig. 5 for
“white spot.” Scale bars correspond to 500 μm.
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spot.” Enamel (E), dentin (D), and the dentin–enamel junction
(DEJ) are labeled in the images as well as the region that has
been identified as a white spot (W). In addition to the visible
dental structures, imaging artifacts such as the mirrored surface
reflex, which is especially discoverable in the lower half of the
co-polarization image, appear due a coherence revival in the
swept laser and should not be confused with actual sample
structures.
As it can be clearly seen in the retardation as well as co- and
cross-polarization images, the high birefringence of sound
enamel becomes visible for an incident beam perpendicular
to the enamel rods or prisms, which are oriented approximately
perpendicular to the surface.26 While this is the case in the left
third, the enamel rods in the center third are commonly parallel
oriented to the incident beam and the retardation remains con-
stant over the depth. Reversely, the orientation image allows
an estimation of the rod structure in this center image region,
but further investigations of the polarization sensitive image
formation with regards to the precise spatial distribution27 are
necessary for a conclusive interpretation. For dentin, less
birefringence related to its substructure26 and a decreased
DOPU, which has been previously observed28 and occurs
due to multiple scattering,29 allow a delimitation from the
surrounding enamel, as well as the in the intensity images
visible DEJ.
Additionally, a white spot, an early stage of caries, and a case
of demineralization in the outer enamel are present here. Due to
a reduced penetration depth, a differentiation of the white spot
from the nearby sound tissue is possible in this case for all
modalities. However, while the comparison of co- and cross-
polarization images with altered intensity ratios as well as the
particular textures in the retardation and orientation images
might enable a trained expert to recognize this feature, the
DOPU offers an unambiguous contrast for carious lesions
and demineralization.
Moreover, a decreased DOPU can be observed in the right
image third near the enamel–cementum intersection, which is
assumed as an artificial deformation, possibly by the mechanical
impact during the extraction of the molar tooth.
3.2 DOPU Evaluation Kernel
We compared different symmetric sizes of the evaluation kernel
that is used for averaging the Stokes components Q, U, and V
[Eq. (2)] in a certain window before the DOPU is calculated
[Eq. (3)]. As this refers to multiples of the axial and lateral res-
olution, a kernel size of 1 × 1 corresponds to 3 × 2 pixels (axial
× lateral dimension) and a kernel size of 6 × 6 to 19 × 12 pixels.
The resulting images in Fig. 3 show an increasing contrast with
increasing kernel size, whereby the resolution suffers from the
applied averaging. Additionally, the mean DOPU value for both,
the sound enamel and the white spot, decreases for increasing
kernel size, as shown in the evaluation (Fig. 4) for the marked
regions of interest (ROI, 40 × 40 pixels) in Fig. 3. However, the
ratio between both values as an achievable contrast increases.
Therefore, the visual impression in Fig. 3 is confirmed by
the plotted values in Fig. 4.
Following both the visual and the measured results, we
decided to use a kernel size of 3 × 3 for all subsequent analyses,
as it offers a high contrast, which does not considerably increase
for larger kernel sizes, and at the same time, maintains a suitable
resolution. Moreover, the lower standard deviation (SD) for
larger kernel sizes derives from a convergence of ROI and kernel
size. It should be noted that for certain cases or questions an
asymmetric kernel might be more convenient, as it preserves
the resolution in one over the other dimension, and the particular
choice should adapt to the particular issue.
Fig. 3 OCT B-scan with different DOPU evulation kernel sizes as multiples of axial by lateral resolution.
Two ROIs for sound enamel and white spot are marked. Case 3 × 3 equals the DOPU depiction in
Fig. 2. Scale bars correspond to 500 μm.
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3.3 Imaging Different Caries Stages with DOPU
To prove the suitability of depolarization imaging with DOPU as
an indicative contrast for both early and advanced stages of
proximal carious lesions, we selected three exemplary molar
teeth for PS-OCT imaging. Teeth 1 and 2 show a noncavitated
enamel lesion, which appears as a result of an ongoing demin-
eralization and remineralization process that can finally lead to a
collapse of the enamel surface and a cavity (tooth 3). As it can be
seen in Fig. 5 by means of the presented photographs, the
enamel of the white spot has lost its translucency without an
additional staining, whereas both the brown spot and the cavity
show a considerable discoloration. For all three cases, signifi-
cant changes of the DOPU appear in those regions that can
be identified and assigned as lesions from the photographs.
Although it is even possible to visually distinguish areas with
differing scattering behavior through the reflectivity images,
especially for border areas a clear differentiation seems to be
difficult in comparison with the DOPU. Furthermore, the sig-
nificant DOPU contrast appears to enable a better delimitation
of the undermining carious progression, as it happens in case of
the cavity. On the other hand, particularly for the direct surface
regions, an interpretation of the demineralization progress might
depend on the influence of the bright surface reflex, which has to
be further investigated. In addition to the enhanced processing
algorithms, the application of an index matching substance
should be taken into account to solve this issue.
Compilations with all representations, equally shown as in
Fig. 2, can be found for all three samples in the appendix.
4 Summary
In this study, the application of PS-OCT with circularly polar-
ized incident light on dental hard tissue and depolarization im-
aging by means of the DOPU for the detection of early carious
lesions was demonstrated. Due to the nondestructive and depth-
resolved imaging abilities, OCT has been a recognized method
in the field of dental research for a long time. Similarly, the abil-
ity of PS-OCT to examine the birefringent properties of enamel
and dentin as well as its pathological alterations has been pre-
viously discussed.6,11,15 On the other hand, the utilization of the
DOPU algorithm in combination with PS-OCT is an established
concept in ophthalmologic research.8,16,18 To the best of our
knowledge, this is the first time that the DOPU algorithm is
applied for the detection of carious lesions in dentistry. We con-
sider it as a promising method for the identification and delimi-
tation of early carious lesions in particular but also the
assessment of the severity of an undermining caries and a cavity.
Fig. 5 Comparison of reflectivity and DOPU for B-scans of three molar teeth with different proximal
lesions: white spot, brown spot, and cavity. Photographs of the examined teeth with a marking of
the corresponding B-scan region are presented. Scale bars correspond to 500 μm.
Fig. 4 Mean DOPU values with SD for two different ROI, dependent
on the DOPU evulation kernel size. The related ROIs are marked in
Fig. 3.
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For this purpose, we compared the B-scans of intensities mea-
sured by both the co- and cross-polarization channels as well as
the resulting reflectivity with retardation, optical axis orienta-
tion, and DOPU images of three molar teeth with proximal cari-
ous lesions. The findings demonstrate that DOPU seems to be
the most appropriate representation to detect carious lesions and
its extension for both early and advanced stages. Furthermore,
we compared different sizes of the DOPU evaluation kernel
and found that with respect to the axial and lateral resolutions
a window of 3 × 3 is most suitable in this case. For the future,
PS-OCT and depolarization imaging of dental demineralization
with the aid of the DOPU algorithm could support a deeper
understanding of caries progression in vitro. Although it has
not yet been tested in vivo, the application of this technique
with endoscopic fiber optics could consequently enable an
early detection of carious lesions noninvasively. Due to the
limited penetration depth of the OCT signal, proximal contact
surfaces might be more challenging than near-gingival spaces
that could be reached with suitable miniaturized optics, whereas
occlusal, buccal, and lingual lesions should be well accessible
with an endoscope. Since DOPU images provided a superior
contrast, DOPU could be an appropriate PS-OCT image repre-
sentation when utilizing OCT as a diagnostic screening tool.
Appendix
To provide a complete comparison of the considered image rep-
resentations, co- and cross-polarization intensities, retardation,
and fast axis orientation are displayed in Figs. 6–8 in addition
to the reflectivity and DOPU images, which are already shown
in Fig. 5 for white spot, brown spot, and cavity.
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Fig. 6 Co- and cross-polarization channels, calculated reflectivity, retardation, fast axis orientation, and
DOPU (3 × 3 kernel) of the B-scan shown in Fig. 5 for “white spot” are displayed. Scale bars correspond
to 500 μm.
Fig. 7 Co- and cross-polarization channels, calculated reflectivity, retardation, fast axis orientation, and
DOPU (3 × 3 kernel) of the B-scan shown in Fig. 5 for “brown spot” are displayed. Scale bars correspond
to 500 μm.
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Schnittbild- und en-face-
Depolarisationsbildgebung kariöser Läsionen
J. Golde, F. Tetschke, J. Walther, T. Rosenauer et al.
Auf Basis der Depolarisationsbildgebung wird in diesem Kapitel die Erweiterung der DOPU-
Darstellung für die Erkennung kariöser Läsionen beschrieben. Um die mit der Berechnung
des DOPU verbundene Reduzierung der Auflösung zu kompensieren, erfolgt die Überlagerung
der aus der Co- und Kreuzpolarisation errechneten Reflektivität mit der DOPU-Darstellung.
Die Zusammenführung dieser beiden Kontraste wird anhand der Schnittbild-Darstellung (B-
Scan) und der en-face Projektion bei einer Läsion an einem extrahierten Zahn exemplarisch
gezeigt. Darüber hinaus wurde eine isoluminante Farbskala eingeführt, die die Darstellung des
DOPU sowohl hinsichtlich der Kontrastwirkung verbessern, als auch eine Unterscheidung der
Depolarisationsskala bei einer vorliegenden Rot-Grün-Farbschwäche vereinfachen soll.
Zusammenfassung der Ergebnisse
Die Überlagerung der Reflektivität und des DOPU-Kontrastes zeigt in der Schnittbilddarstellung
einen deutlichen Kontrastunterschied des DOPU für die Läsion. Gleichzeitig werden Strukturen
der Zahnhartsubstanz aus größeren Tiefen dargestellt, die in der alleinigen DOPU-Darstellung
nicht erfasst werden. Aus der en-face Projektion der Reflektivität kann die räumliche Ausdehnung
der Approximalläsion erfasst werden. Die Darstellung der Überlagerung in der en-face Ansicht
zeigt aufgrund der Depolarisation in Verbindung mit der eingeführten Farbskala jedoch einen
deutlich stärkeren Kontrastunterschied.
Schlussfolgerungen
Die Überlagerung der Reflektivitäts- und DOPU- Darstellung erlaubt eine intuitive Detektion
kariöser Läsionen bei gleichzeitiger Erhaltung der strukturellen Merkmale. In Verbindung mit der
Einführung der isoluminenten Farbskala ist dadurch eine bessere Differenzierung der Läsions-
grenzen möglich. Die en-face Ansicht bildet die Ausdehnung der Läsion ab und stellt eine einfach
zu interpretierende Projektion der Polarisationseigenschaften dar, die mit der visuellen Ebene
übereinstimmt. Durch zusätzliche Untersuchungen an einer größeren Stichprobenanzahl mit
verschiedenen Läsionsformen und dem Vergleich zu Referenzverfahren wie der Polarisations-
mikroskopie von Schliffpräparaten könnte die vorgestellte Methode einen vielversprechenden,
neuen Ansatz für die Diagnostik der frühen Karies darstellen.
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Cross-sectional and en-face depolarization 
imaging for the assessment of dental lesions 
(OCT) is a non-invasive, high-resolution imaging technique, 
based on the interference of near-infrared light, and has 
already shown its potential for several biomedical 
applications such as the depth-resolved assessment of dental 
lesions [1]. While OCT primarily measures the intensity of 
backscattered light, several expansions have been proposed 
that provide an additional tissue-dependent contrast. This 
includes polarization sensitive OCT (PS-OCT), which is 
especially used to differentiate birefringent from non-
birefringent tissues but enables also, for instance, the 
determination of fiber orientations or depolarization 
properties [2,3]. As the depolarization cannot be obtained 
directly from a single OCT measurement due to its 
interferometric nature, only variations in adjacent pixels, 
resulting from the sub-resolution polarization scrambling of a 
depolarizing sample, can be assessed. The corresponding 
algorithm, measuring the degree of polarization uniformity 
(DOPU), was introduced as a tool in ophthalmology [4] and 
relies on the averaging of adjacent speckles or pixels, 
respectively, in the OCT signal, where DOPU values of 1 
represent fully polarized and 0 fully depolarized light. 
We have recently shown that depth-resolved 
depolarization imaging, based on PS-OCT and the DOPU 
algorithm, is also a promising tool for dental imaging [5]. As 
both early and advanced stages of carious lesions result in a 
decreased DOPU value due the accompanying 
demineralization of the enamel, this modality might be a 
promising approach for the early caries detection as well as 
the assessment of progressed lesions. However, the depth 
evaluation of invading and undermining lesions remains 
ambiguous since decreased DOPU values can also result 
from low signal-to-noise ratios (SNR) and multiple scattering 
impedes the estimation of penetration depths from the 
intensity measurements. 
In this paper, we therefore want to discuss different 
representations for the composition of intensity or reflectivity 
data, respectively, and the DOPU values, that offer both a 
significant and accurate contrast for the assessment of dental 
lesions. We present cross-sectional and en-face images of a 
molar tooth with a brown spot, an advanced carious lesions, 
and compare different approaches to merge reflectivity and 
DOPU data. 
Abstract: Dental caries is one of the most widespread 
diseases and the early and non-invasive detection of carious 
lesions remains an ongoing topic in biomedical research. In 
contrast, optical coherence tomography (OCT) is an 
emerging, non-invasive imaging technique for near-surface 
structures, that has already proved its capability for manifold 
biomedical applications and can be extended by several 
modalities such as polarization sensitivity. We have recently 
shown that polarization sensitive OCT combined with an 
algorithm for depolarization imaging, visualizing the degree 
of polarization uniformity (DOPU), is a promising tool for 
the detection and assessment of carious lesions. In this paper, 
we evaluate different visualization approaches based on both 
the intensity and DOPU data with cross-sectional and en-face 
representations and discuss limitations and the potential of 
the proposed method for the assessment of dental lesions on 
the example of a molar tooth with a brown spot. 
Keywords: optical coherence tomography, polarimetry, 
dental caries, depolarization, biomedical imaging, dentistry. 
https://doi.org/10.1515/cdbme-2018-0073 
1 Introduction 
Dental caries is one of the most common diseases and the 
early detection and successive assessment of carious lesions, 
desirably non-invasive, is still an ongoing topic in biomedical 
research. On the other hand, optical coherence tomography 
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2 Methods and setup 
The custom swept source PS-OCT system [5], that was used 
for this study, is based on a bulk optics setup, which was 
conceptually introduced by Hee et al. [6] As it is shown in 
Fig. 1, the sweeps of a swept laser (Axsun Technologies Inc., 
Billerica, Massachusetts) with a repetition rate of 50 kHz and 
a center wavelength of 1310 nm are amplified by a 
polarization-dependent booster optical amplifier (BOA), 
while manual polarization controllers (PC) allow the 
polarization adjustment of both incoming and outgoing 
sweeps. Via an optical circulator (OC), they are then 
transferred to the bulk optics setup, which in principle is a 
Michelson interferometer extended by polarization optics 
(polarization beam splitters – PBS, quarter wave plates – 
QWP) that provide circularly polarized light incident in the 
sample and diagonal-linearly polarized light returning from 
the reference arm, which provides equal reference intensity in 
both orthogonal polarization states. A polarization-diverse 
detection of the orthogonal components is then realized by 
PBS and balanced detectors (BD), where linear polarizers 
(LP) compensate for the lower extinction ratio of the 
reflected part. Both channels are recorded by a high-speed 
digitizer linearly in k-space, due to a clock signal provided by 
the laser itself, and phase-stabilized using a fiber Bragg 
grating module (FBG) for trigger generation.  
Since light of a non-birefringent, polarization-conserving 
sample should only be measured in the so-called co-polarized 
channel, the perpendicular part is designated as the cross-
polarized channel. To perform both cross-sectional and 
volumetric imaging, two galvanometer scanners (GS) enable 
a transverse scanning in the sample arm, which is 
synchronized by a data acquisition card (DA). 
As there are several publications on the calculation of the 
birefringent properties of the sample from such system’s 
measurements [2,3] we want to focus here on the calculation 
of the DOPU values and its composition with the intensity 
data. Fig. 2 shows a schematic diagram of the calculation 
steps. Complex data, which consist of depth-resolved 
amplitude and phase information, are collected from both 
cross- and co-polarized channels and displayed as intensity 
images. Both channels are then merged into a reflectivity 
image, which is thus suited to delimit image regions with a 
high SNR and accordingly valid DOPU values. On the other 
side, the acquired data, which can be described as Jones 
vectors with orthogonal polarization components due to the 
characteristics of the interferometer setup, are converted into 
normalized Stokes components and spatially averaged, from 
which the DOPU can be calculated. The size of the averaging 
window is thereby usually chosen as multiples of the axial 
and lateral resolution, depending on the desired DOPU 
Figure 2: Processing and visualization schema for depolarization 
imaging: Complex data from the cross- and co-polarized channel 
are merged into a reflectivity image (left) and converted into 
Stokes components (right), which are then spatially averaged to 
calculate the DOPU values. Finally, a mask generated by a given 
threshold from the reflectivity data, is applied to the DOPU image. 
All scale bars correspond to 500 µm. 
Figure 1: PS-OCT system with a swept laser, FC: fiber couplers, 
PC: polarization controllers, BOA: booster optical amplifier, FBG: 
fiber Bragg grating module, OC: optical circulator, (P)BS: 
(polarization independent) beam splitters, QWP: quarter wave 
plates, LP: linear polarizers, RM: reference mirror, GS: 
galvanometer scanners, BD: balanced detectors, DA: data 
acquisition card. 
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contrast and resolution preservation. In case of dental lesions, 
we have found that a window size of 3 by 3 multiples meets 
the requirements [5], hence it was used for all figures in this 
paper.  
Finally, reflectivity and DOPU images are merged into 
one representation, in this case by generating a mask from the 
reflectivity data with a given threshold, which is 
subsequently applied to the DOPU image. Whereas this 
approach seems appropriate to highlight relevant regions of 
demineralization, the missing intensity information in Fig. 2 
hampers the determination of the penetration depth of the 
carious lesion.  
We therefore want to address this issue with an amended 
representation of an extracted molar tooth with a discolored 
demineralization (brown spot) on the proximal side. The 
tooth was provided by enretec GmbH (Velten, Germany) and 
was stored in a distilled water-thymol solution to prevent 
dehydration. Prior to the PS-OCT measurements, the tooth 
was visually examined by an experienced dentist to confirm 
the characteristic. 
3 Results and discussion 
To achieve a significant DOPU contrast, we had initially 
chosen a custom color scale with a green-yellow-red 
transition, whereas yellow was set not to the center (0.5) but 
to a higher value (0.7) for a better delimitation of relevant 
regions. However, this color scale comprises some 
fundamental drawbacks as the contrast is not visible to 
people with a red-green color perception deficiency and the 
scale does not offer a uniform brightness 
(“isoluminescence”), which makes it unsuitable for 
combining a color-encoded channel (DOPU) with a second, 
brightness-encoded channel (reflectivity).   
As it is shown in Fig. 3a, the masked DOPU cross-
section allows a clear identification of the region, which is 
affected by the demineralization of the brown spot and 
therefore appears highly depolarizing (DOPU<0.5) in the left 
part of the image. Likewise, the region can be identified in 
the RGB image in Fig. 4 due to the inclusion of particles. 
Additionally, a small lesion near the cementum in the right 
part of the image can be found, which is not prominent in the 
RGB image and might refer to an initial lesion. In contrast, 
the axial spreading of both lesions might be erroneously 
estimated due to the more or less sharp demarcation of the 
applied mask. We therefore modified the contrast of the 
reflectivity image (Fig. 3b) and multiplied it to the colored 
DOPU image to include both structural information and the 
specific signal drop in the DOPU image (Fig. 3c). Since 
DOPU values and signal drop over depth are assumed to 
offer lesion characteristic information, this representation 
should allow a more conclusive representation.  
To overcome the initially mentioned shortcomings of the 
color scale regarding color perception deficiency and 
isoluminescence, a second, combined representation based on 
the inverse color scale “Ametrine” [7] is introduced. It offers 
a linearly decreasing (0 to 1), balanced luminescence over the 
entire scale and is therefore particularly suitable to color-
encode a functional channel with a higher weighting towards 
lower values (1 to 0). Additionally, this color scale enables 
an unambiguous color contrast for people with a red-green 
perception deficiency and will show the same results when 
printed, as all components are part of the CMYK color space. 
The result, again multiplied with the reflectivity data 
from Fig. 3b, can be seen in Fig. 3d.  For both color scales, 
the superposition of DOPU and reflectivity data allows a 
better allocation of structural features in comparison to 
demineralized regions, as a crack-like pattern in the lower 
left part of the images demonstrates. In the case of the 
demarcation on the right of the brown spot, the masked 
representation in Fig. 3a might mislead into the assumption 
of a clear boundary, whereas both the reflectivity (Fig. 3b) 
and the merged representations (Fig. 3c, d) indicate that the 
near-surface scattering and the reduced penetration depth of 
the signal affect a clear assessment of the subjacent 
boundary. 
Figure 3: Different representations of merged cross-sectional 
reflectivity and DOPU images. (a) Initially developed 
representation with mask by a given threshold (13 dB) as shown 
in Fig. 2. (b) Reflectivity image with modified contrast. (c) Green-
yellow-red colored DOPU image multiplied by reflectivity image 
from b. (d) Ametrine [7] colored DOPU image multiplied by 
reflectivity image from b. All scale bars correspond to 500 µm. The 
imaged region is marked in the RBG image in Fig. 4. 
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Moreover, we have calculated the averaged en-face 
projections of the entire volume stacks of reflectivity and 
DOPU values and subsequently compared with an RGB 
image of the corresponding region. The reflectivity en-face 
projection in Fig. 4 confirms the impression of the cross-
sectional reflectivity image that the demineralization results 
in an altered scattering behavior of the enamel, which 
coincides with both the visual and the reflectivity appearance 
of a white spot in previous investigations [5] and should 
therefore not originate from the deposited particles in the 
brown spot. Additionally, cracks in the enamel, which are 
slightly visible in the RGB image, appear more clearly in the 
reflectivity en-face projection. In the merged DOPU image, 
again Ametrine was used for color-encoding and multiplied 
with the reflectivity projection, thus showing the same 
structural features of cracks and spots but with an additional 
color-emphasis on the lesion. 
Therefore, the affected region of the brown spot can be 
delimited by both representations, whereas the merged image 
allows a more definite classification, especially for smaller 
and less specific lesions or for investigators without 
comprehensive experience. 
4 Conclusion 
With the merged DOPU and reflectivity for depolarization 
imaging, we have introduced a novel representation for the 
assessment of dental lesions by PS-OCT. Our preliminary 
results show that both cross-sectional and en-face images of 
the merged reflectivity and DOPU values provide a 
promising contrast for the detection and assessment of dental 
lesions. While there is a need for technical solutions to apply 
this approach conveniently in a clinical environment, several 
issues remain for future ex vivo investigations, including a 
direct comparison of an extensive amount of lesions with a 
suitable gold standard, for instance polarized light 
microscopy of corresponding thin sections. 
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Korrelation zwischen PSOCT-basierter
Depolarisation und der Läsionstiefe
F. Tetschke, J. Golde, T. Rosenauer, S. Basche et al. (submitted∗)
Aufgrund der Variationen bezüglich der Erscheinungsform und des Stadiums der Karies, sind die
Ergebnisse von In-vitro-Untersuchungen der optischen Eigenschaften bei extrahierten Zähnen
nur schwer reproduzierbar und durch die heterogene Studienpopulation beeinflusst. Um die
mit der Demineralisierung einhergehende Depolarisation systematisch zu untersuchen, wurden
in der folgenden Arbeit die PSOCT-Messungen bei standardisierten Schmelzkörperproben
mit aufeinanderfolgenden Demineralisationsgraden untersucht. Die Erzeugung von Initialläsio-
nen erfolgte dabei in einem künstlichen Demineralisierungsmodell mit einer Einlagerung der
Probenkörper in einer Säure-Laktat-Lösung. Abschließend wurden die gemessenen Depolarisa-
tionswerte mit den aus Schliffpräparaten bestimmten Läsionstiefen korreliert.
Zusammenfassung der Ergebnisse
Die künstliche Demineralisierung zeigte im Schliffpräparat charakteristische Zonen natürlicher
Läsionen, wohingegen bei gesundem Schmelz kein Depolarisationskontrast zu beobachten
war. Nach 15 Tagen Demineralisation konnten Depolarisationszonen in den Schmelzplättchen
beobachtet werden, die sich mit zunehmender Demineralisierung in ihrer Dicke und den Abso-
lutwerten verstärkten. Die Änderung der DOP-Werte ist mit der Läsionstiefe korreliert und zeigt
in der linearen Regression ein Bestimmtheitsmaß von R2 = 0.7118.
Schlussfolgerungen
Die Darstellung des DOP eignet sich für die Erkennung initialer Schmelzdemineralisationen.
Aufgrund der linearen Korrelation zwischen den Werten des DOP und der Läsionstiefe lassen
sich anhand der PSOCT-Bildgebung Rückschlüsse über den Progressionsgrad von Läsionen
ableiten.
∗Journal of Biomedical Optics
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Correlation between lesion progression and depolarization assessed 
by polarization sensitive optical coherence tomography 
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Abstract.  
Significance: The detection of early stages of the carious infection is still one of the major challenges in preservative 
dentistry. Since it is known from polarized light microscopy (PLM) that natural enamel birefringence is affected by 
early demineralizations, polarization-sensitive optical coherence tomography (PSOCT) could provide a promising tool 
for the non-invasive detection of the early carious lesion. 
Aim: The present study aims to correlate enamel lesion progression and depolarization measurements based on 
PSOCT in an artificial demineralization model. 
Approach: 18 enamel slabs were prepared from bovine incisor teeth and demineralized in an acetic buffer solution 
for up to 49 days. The degree of polarization (DOP) was calculated from PSOCT measurements and compared to 
lesion depth, measured by PLM. The correlation between lesion depth and DOP was evaluated with linear regression 
analysis. 
Results: Artificial lesions showed characteristic zones of natural enamel demineralization in PLM images. DOP 
representation showed no polarization contrast for sound, non-demineralized enamel. A reduced DOP was found at 
cross sectional PSOCT images after 15 days of acid-exposition. The linear regression of the DOP and the measured 
lesion depth showed a substantial correlation (R2 = 0.7118).     
Conclusion: The representation of the DOP provides an unambiguous contrast for initial enamel demineralizations 
that is correlated to the lesion progression. PSOCT-based depolarization imaging could complement the radiographic 
examination as a non-invasive, non-ionizing and high-resolution imaging modality for the detection of early, re-
mineralizable carious lesions. 
 
Keywords: Caries detection, artificial caries, optical coherence tomography, polarization, polarized light 
microscopy 
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1 Introduction 
The interpretation of polarization changes at dental hard tissue with polarized light microscopy 
(PLM) represents a milestone in caries research that has provided significant contributions to the 
understanding of the histopathological nature of the caries process1 ⁠. Already in 1958, it was shown 
that demineralization of enamel is accompanied by distinct changes of polarization properties2 ⁠. 
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Polarization-sensitive optical coherence tomography (PSOCT) obtains depth-resolved images of 
polarization properties non-invasively with high resolution (typically 5 – 20 μm) and, based on 
near infrared light, without ionizing radiation. In 2000, Baumgartner et al. presented the first 
PSOCT measurements of dental structures3 ⁠ and characterized the birefringent properties of the 
enamel which appear due to the rod-like organization of the hydroxyapatite crystals. The 
depolarizing effect of initial enamel lesions with PSOCT measurements was reported by Everett 
et al.4 ⁠ and has been documented for natural and artificial lesions5,6⁠. In the context of PSOCT 
measurements, depolarization is usually evaluated by the detection of the co- and cross- polarized 
channel, which however, competes with the native enamel birefringence and thus can affect the 
interpretation of the obtained results7 ⁠. In previous studies, we concluded that the representation of 
the degree of polarization (DOP), a PSOCT-based measure of depolarization, seems to be the most 
appropriate representation for the detection of early carious lesions in comparison to the 
representation of co- and cross-polarization channels, the resulting reflectivity with retardation and 
optical axis orientation8,9⁠. In a recently published study, we improved this approach by noise-
immune processing10 and demonstrated that the DOP also enables the assessment of suspect 
occlusal enamel lesions11⁠. Most in-vitro studies for caries research involve extracted teeth, 
representing very heterogeneous specimens with differences in tooth morphology, caries 
progression stage, age and dietary dependent alterations that cause varying optical properties. The 
application of a controlled, standardized demineralization model at comparable specimens allows 
a more coherent investigation of consecutive stages of the caries process and related changes of 
optical properties12 ⁠. As an appropriate dental substrate for these models, bovine enamel specimens 
with artificial carious lesions show a mineral distribution and structure that resembles lesions at 
human teeth, and that can be considered as an comparable alternative to human teeth in caries 
research6,13,14⁠. The presented study aims at detecting polarization changes at early demineralization 
stages by means of PSOCT-based DOP representations and PLM images. For this purpose, we 
analyze the DOP at bovine enamel specimens in an artificial demineralization model with 
consecutive stages of lesion progression and compared these findings with the lesion depth 
measured at thin cross sections with PLM. 
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2 Materials and Methods 
 
Fig. 1 Workflow of the artificial demineralization of bovine enamel slabs and analysis with PSOCT and PLM. 
The general workflow for demineralization analysis is illustrated in Fig.1 and involved the 
following procedure steps: 
2.1 Specimen preparation 
A number of 18 bovine enamel slabs (4.5 mm diameter, ~2 mm thickness) were prepared from 
incisor teeth of 2-year-old cattle. After wet-grinding and polishing of the remaining enamel 
surface with up to 4000 grid abrasive paper, the resulting smear layer was removed by steam jet 
and ultrasonification with 3% NaOCl for 3 min. The slabs were washed twice for 5 min in 
distilled water activated by ultrasound, disinfected in 70% ethanol for 10 min (ultrasound), 
washed and stored in distilled water. 
2.2 Artificial demineralization model 
The prepared enamel slabs were stored at 37°C in an acidic buffer solution according to Buskes et 
al.15⁠. The solution was prepared by mixing 5 l distilled water, 2.205 g CaCl2+2H2O (3.0 mM), 
2.041 g KH2PO4 (3.0 mM), 10 ml MHDP-solution (6 μm; prepared from 100 ml distilled water 
with 0.0528 g methylenediphosphoric acid), 14.3 ml CH3COOH (50 mM), and 10 M KOH to 
titrate the solution at pH 4.95. The pH value was controlled every day and adjusted if necessary. 
In order to ensure constant composition of the solvents, the solution was exchanged every week. 
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The 18 slabs were stored in the solution for up to 49 days. Every 3rd or 4th day, one slab was 
removed for analysis. 
2.3 PSOCT imaging 
A detailed description of the PSOCT system used in this study can be found in a previously 
published paper8. In brief, it consists of a 1310 nm laser source and polarization-diverse balanced 
detection with a single circularly polarized illumination of the sample. The underlying concept of 
polarization and image formation for PSOCT based on the Stokes and Jones formalism has been 
widely described by de Boer et al.16⁠. The DOP was calculated from the derived Stokes components, 
covering values in a range from 0 (complete depolarization, yellow) to 1 (no depolarization, blue). 
For the analysis of DOP values, a region of interest of ~2 x 2 mm at the center of the slabs was 
selected and the mean DOP to a depth of 300 μm (thinnest enamel layer thickness of the slabs) 
was calculated. Cross-sectional images (B-Scans) and depth projections (en-face) of the mean 
DOP to a depth of 300 μm were used for representation. In order to ensure constant measurement 
conditions and to prevent hydration-related variations of the scattering in porous enamel17 ⁠, the 
PSOCT measurements were performed with a water drop on top of the slabs, covered by a cover 
slip. 
2.4 PLM of cross sections 
After the demineralization process, the slabs were embedded in a plastic polymerization system 
(Technovit 9100, Kulzer GmbH, Hanau, Germany) and cut into histological cross sections of about 
50 µm to 80 µm thickness. The cross sections were analyzed with PLM (Leica DMRB, Leica 
Microsystems GmbH, Wetzlar, Germany) with 10x and 40x magnification without immersion 
medium. For PLM images, the histological section at the center of the slab was used and lesion 
depth was measured with the free available Imaging Software Fiji18⁠. Lesion depth measurements 
were compared with the obtained mean DOP values at the central ROI by linear regression 
analysis. 
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3 Results 
Fig. 2 shows an overview of the results at specific time points of the demineralization protocol. 
With increasing exposition time in the acetic buffer solution, changes of the enamel translucency 
were visible in the photographs. The slabs developed a brighter surface with increased scattering 
and partly adhesion of the dissolved minerals (Fig.2 C). The photographs also show irregularly 
distributed demineralization areas at the enamel surface, causing a marmorizing effect of the slab 
(Fig. 2 D). In sound enamel, the PLM images at Fig. 2 A reveal the ordered, diagonal-aligned 
structure of the hydroxyapatite crystal that reaches to the surface of the enamel layer. After 15 days 
 
Fig. 2 Overview of photographs, PLM, PSOCT en-face projections and PSOCT B-Scans at demineralized enamel 
slabs with a demineralization time of 0 (A), 15 (B), 32 (C) and 49 (D) days. EDJ: Enamel dentin junction. Scale bars 
PLM: 400 μm (10x), 80 μm (40x); Scale bar PSOCT: 400 μm. 
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of exposition in the acetic buffer solution, the slabs developed characteristic zones of 
demineralization (Fig. 3).  
In the further course, the demineralization layer was predominantly defined by the body of the 
lesion (Fig. 2 C and D, PLM). The measured thickness of the demineralization layer increased over 
time (Fig. 4 A) whereas the maximum lesion depth was 419 µm at day 49. The general increase of 
lesion depth over time also showed a high variability with an outlier at day 34 (Fig. 4 A, lesion 
depth: 62 µm). PSOCT en-face representations of DOP values showed no depolarizing effect at 
the sound enamel layer at day 0, what can be confirmed by the cross-sectional B-Scan (Fig. 2 A, 
PSOCT). A slightly higher depolarization was observed at day 15 (Fig. 2 B, PSOCT en-face), 
which became more pronounced in the corresponding B-Scan where a subsurface layer with 
decreased DOP is present (zoom view of PSOCT B-Scan at Fig. 2 B). With further 
demineralization, an increased depolarization is visible, indicated by decreasing DOP values in the 
en-face projections at Fig. 2 C and D. The corresponding B-Scans show a strong depolarization 
(low DOP values). The linear regression between lesion depth measured with PLM, and the mean 
DOP values at the central region of interest showed a substantial linear correlation (Fig. 4 B, R² = 
0.7118). 
Fig. 3 PLM image (40x magnification) of an enamel 
slab at 15 days of demineralization with characteristic 
zones of lesion formation. Scale bar: 80 µm 
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4 Discussion and Summary 
PSOCT-based representations of depolarization were presented for imaging enamel 
demineralization induced by an artificial lesion model. Even though PSOCT is not capable to 
resolve histological features as can be represented by PLM, PSOCT enables the non-destructive 
detection of polarization properties that are linked to early demineralization, which can‘t be 
detected in bitewing radiographs. In this work, we adapted the DOP as proposed by Makita et al.10⁠ 
and found a visible depolarization contrast at DOP representations for early demineralization 
stages that were confirmed by PLM images. Lippok et al. used the DOP as a quantification for 
depolarization imaging at the retinal pigment epithelium and emphasized the dependence of 
measurement and sample dependent depolarization artifacts when using single co- and cross 
polarization input states19⁠. Beside the common B-Scan representation used in most OCT studies, 
en-face imaging provided an overview of the extent of the demineralization area. Even though the 
slabs were prepared by a standard procedure, the en-face projections also reveal the non-uniform 
character of the demineralization process. These sample-specific variations, as well as the general 
variations of the measured lesion depth over the investigated time period (Fig. 4A) could be a 
result due to variations of the surface morphology such as existing micro-cracks or varying surface 
roughness. In addition, flattening and polishing from the manual preparation process of the slabs 
presumably made the surface more susceptible to dissolution compared to clinical conditions20⁠. 
The demineralization procedure followed a simplified model that has been used in numerous 
Fig.4 A) Measured lesion depth by PLM over the duration of acid exposure i.e. stage of demineralization. B) Scatter 
plot of the measured lesion depth by PLM and mean DOP at the central ROI of the slab. Linear regression (red line) 
show a coefficient of determination of R² = 0.7118. 
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studies for caries research21–25⁠ and produced characteristic zones of demineralization (see Fig. 3) 
that can be found in natural enamel lesions26⁠⁠. It should be noted that this model did not aim to 
simulate in-situ conditions considering remineralization and cycle-based processes, but rather to 
assess the suitability of DOP imaging for monitoring the initial caries process under constant 
conditions. Hereby, the regression analysis shows a clear linear correlation between the lesion 
depth and the calculated mean DOP values. However, low demineralization depths were associated 
with a low variation of DOP values, whereas this relationship at demineralization depths >150 μm 
followed a more linear decrease of the DOP. Since the results of PLM showed that those 
demineralizations were predominantly characterized by the body of the lesion, we hypothesize that 
changes of polarization that contributes to the DOP representations are mainly determined by 
structures that exhibit a pore volume of 5 – 25 % (sound enamel: 0,1 %). This hypothesis is 
supported by depolarization measurements based on polarization-resolved Raman microscopy at 
initial enamel caries, that showed that the depolarization ratio of a hydroxyapatite associated band 
intensity also is primarily determined by the body of the lesion27. A further demineralization with 
an increased exposition time to the acetic buffer solution could expand the correlation to lower 
depolarization values and higher lesion depths. Based on the observed heterogeneous 
demineralization process, it should be considered that this correlation could be impaired by an 
inaccurate matching of the selected cross-section for PLM and the analyzed DOP region. In order 
to minimize specimen-specific variations, DOP analysis of the same specimen for the entire 
demineralization protocol will be part of further investigations. Since such a longitudinal study 
design does not allow destructive imaging with PLM, micro computed tomography could be used 
as a complementary reference method. 
In this study we compared PSOCT-based depolarization imaging at early stages of enamel 
demineralization with lesion progression assessed by PLM. Despite the limitations of the 
simplified demineralization model, we found that the degree of polarization provides an intuitive 
contrast that showed good correlation with lesion progression. The additional en-face 
representation further enhances the spatial extension of the demineralization area. The 
implementation of the presented method in miniaturized dental probes could allow the in-vivo 
evaluation of the DOP representation as a potential imaging modality for early caries detection. 
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Beurteilung okklusaler Schmelzveränderungen
durch Depolarisationsbildgebung mit PSOCT
J. Golde, F. Tetschke, R. Vosahlo, J. Walther et al.
Aufbauend auf der Weiterentwicklung der PSOCT-basierten Depolarisationsdarstellung, erfolgte
die Anwendung der Bildgebung bei suspekten, okklusalen Verfärbungen. Hintergrund dieser
Untersuchung stellt die Detektion der “hidden caries” dar, die sich durch die Fissurenböden un-
terhalb einer intakten Oberflächenschicht ausbildet und deren klinisches Erscheinungsbild häufig
nicht von unbedenklichen Fissurenverfärbungen zu unterscheiden ist. In Zusammenhang damit
wurde zusätzlich der Einfluss der Oberflächenfeuchtigkeit auf die PSOCT-Bildgebung untersucht.
Als Referenzverfahren zur Beurteilung einer vorliegenden Läsion wurden Schliffpräparate mittels
Polarisationslichtmikroskopie beurteilt.
Zusammenfassung der Ergebnisse
Die Bildgebung erfolgte bei zwei Molaren mit auffälligen Verfärbungen der Fissuren. Bei dem
ersten Molaren zeigte sich in der DOP-Kontrastdarstellung eine deutliche Depolarisation in der
Fissur, die sich im Reflektivitätsbild jedoch nicht abzeichnet. Die Messung unter kompletter
Trockenlegung der Fissur erzeugte ein deutlich ausgedehnteres Gebiet mit hoher Depolarisation.
Das Schliffpräparat bestätigte das Vorliegen einer Läsion unterhalb der Verfärbung. Der zweite
Molar zeigte ebenfalls eine dunkle Verfärbung der Fissur, die jedoch keine Depolarisation zeigte.
Das Schliffpräparat weißt ebenfalls keine Demineralisierung vor.
Schlussfolgerungen
Die vorgestellte Depolarisationsbildgebung mit PSOCT eignet sich für die nicht-invasive, opti-
sche Unterscheidung zwischen verfärbten und demineralisierten Okklusalflächen. Dabei liefert
die Darstellung des DOP einen deutlich stärkeren Kontrast als die konventionelle Intensitätsdar-
stellung. Messungen zur Beurteilung von Okklusalflächen sollten hinsichtlich der Vermeidung
einer Überbewertung unter feuchten Bedingungen durchgeführt werden.
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ABSTRACT
While dental caries represents the major chronic disease of humans, visual and tactile inspection are the methods
of choice in daily dental practice. Several optical technologies have been developed in recent years for the purpose
of dental examination, including near-infrared light transillumination as a promising tool for the supplementation
and partial replacement of radiography. In case of occlusal alterations, the incidence of surface discolorations
impedes the visual assessment, whereas tactile inspection appears to yield little diagnostic information or might
be detrimental. Optical coherence tomography (OCT) facilitates depth-resolved imaging with µm resolution,
utilizing near-infrared light, and has already shown its potential for various dental applications. We have recently
demonstrated that depolarization imaging utilizing the degree of polarization uniformity (DOPU) extends those
abilities by the detection of early carious lesions, as it provides an unambiguous demineralization contrast. Here,
we show that this approach also enables the assessment of occlusal enamel lesions in the presence of stains,
and compare PS-OCT cross sections with polarized light microscopy (PLM) images of thin sections. For tooth
samples with discoloration or demineralization, respectively, PS-OCT and PLM results are in good agreement.
Keywords: polarization-sensitive optical coherence tomography, depolarization, dentistry, occlusal caries
1. INTRODUCTION
The prerequisite for a successful caries management is the early and precise detection of lesions. To this day,
the visual and tactile inspection remains the method of choice in daily dental practice for the purpose of dental
examination, which is regularly supported by bitewing radiography for registering caries extension. Considering
the aim of minimizing ionizing radiation exposure and thus limited repetition, especially near-infrared light
transillumination has shown its potential in clinical practice.1 In case of occlusal alterations, the incidence of
surface discolorations impedes the visual assessment, whereas tactile inspection appears to yield little diagnostic
information or might be detrimental,2 posing the risk of enamel breakthrough at a present hidden carious
lesion. Recently, the potential of near-infrared3 imaging in assessing stained pits and fissures has been revealed,
particularly highlighting the wavelength region above 1200 nm due to reduced absorption of the stains.3 Optical
coherence tomography (OCT) facilitates depth-resolved imaging with µm resolution in the same spectral region,
and is therefore a promising method for various dental applications. For occlusal caries, both intensity-based
swept source OCT4 and polarization-sensitive OCT (PS-OCT)5 have been demonstrated as suitable methods
for the detection of caries due to the altered enamel scattering behavior, while the latter approach exploited the
additional contrast of depolarization. As this effect competes with the enamel’s native birefringence in case of
cross-polarized detection,5 we have recently proposed depolarization imaging utilizing the degree of polarization
uniformity (DOPU) algorithm for an unambiguous demineralization contrast.6 Here, we demonstrate that this
approach improved by noise-immune processing7 also enables the assessment of occlusal enamel lesions in the
presence of stains, and therefore compare the PS-OCT cross sections with polarized light microscopy (PLM)
images of thin sections.8
Corresponding author: Jonas Golde, jonas.golde@tu-dresden.de
Optical Coherence Imaging Techniques and Imaging in Scattering Media III, edited by 
Maciej Wojtkowski, Stephen A. Boppart, Wang-Yuhl Oh, Proc. of SPIE-OSA Vol. 11078,
110780P · © 2019 SPIE-OSA · CCC code: 1605-7422/19/$21 · doi: 10.1117/12.2527228
Proc. of SPIE-OSA Vol. 11078  110780P-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
91
2. METHODS AND MATERIALS
The polarization-sensitive OCT system used for this study has been described previously.6 In brief, it is based
on a 1310 nm swept laser and a bulk optics setup, containing both Michelson interferometer and polarization-
diverse balanced detection with a single circularly polarized illumination of the sample. In comparison to Ref. 6
utilizing DOPU, here we have utilized the degree of polarization DOP =
√
Q
2
+ U
2
+ V
2
/I with a 2D Gaussian
kernel for spatial averaging, which had a full width at half maximum of 3x3 with respect to the axial and lateral
resolution. Furthermore, we extracted the noise parameters of both channels from a background scan, which is
regularly acquired at the beginning of each measurement. Utilizing the mean powers of the noise floor |nco|2 and
|ncross|2, we corrected the Stokes component I = A
2
co
+A2
cross
− |nco|2 − |ncross|2, as it was proposed by Makita
et al.7 for improved noise immunity of the DOP measurement. Due to similar noise levels for both channels in
our system it was not necessary to correct Q.9 A comparison of conventional and noise-immune DOP calculation
can be seen in Fig. 1, highlighting the improvements in regions of weak signal and sound enamel. The noise
correction yields a higher DOP value in this case, whereas the presumably decayed region in the fissure remains
at a low DOP value, thus yielding an improved depolarization and demineralization contrast.
DOP Noise-immune DOP
Figure 1. Comparison of conventional and noise-immune DOP processing: PS-OCT imaging of the occlusal surface shown
in Fig. 3 was performed under wet conditions, the slice corresponds to an unstained region of the fissure. Depolarization
visualization with intensity weighting scales from DOP=0 (yellow) to DOP=1 (blue). All scale bars: 1 mm in air.
For a more consistent representation of depolarization, we combined the calculated noise-immune DOP with
high-contrast intensity images.10 Therefore, lower and upper intensity threshold were based on the extracted
noise parameters, ranging from mean noise plus standard deviation to 16 dB above. Similarly, the intensity
image range was adjusted to 60 dB above mean noise.
Two molar tooth samples were extracted and collected during clinical treatment. After visual inspection by an
experienced dentist, PS-OCT images were acquired under wet and dry conditions. Subsequently, the teeth were
cut into thin sections of about 50 µm to 80 µm thickness, and examined with a Leica DMRB microscope and
Leica objectives with 2.5x and 10x magnification, utilizing perpendicularly adjusted polarizer and analyzer for a
polarization contrast.
3. RESULTS AND DISCUSSION
Two molar teeth with stains and suspected lesions were selected and examined. Fig. 2a shows the occlusal surface
of a molar tooth with extensive light brown discoloration and dark brown discoloration in the pits. The PLM
images Fig. 2b and c confirm the suspected lesion in the fissure and the surrounding superficial demineraliza-
tion of the enamel. In comparison, the intensity image (d) recorded with a wetted surface appears relatively
unremarkable, whereas the depolarization representation (e) highlights the fissure due to the infiltrated caries.
Contrarily, the intensity image of the dry tooth (f) may facilitate an observation of altered scattering properties
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Figure 2. Visualizations of an occlusal carious lesion in the fissure: Photograph with marked slicing region (a), PLM
images with 2.5x (b) and 10x (c) magnification, and PS-OCT images recorded under wet (d,e) and dry (f,g) conditions,
displaying intensity (d,f) and depolarization (e,g). Color bars: intensity ranging from 3 dB (black) to 63 dB (white),
depolarization from DOP=0 (yellow) to DOP=1 (blue). All scale bars: 1 mm in air.
a
b
c
d
e
f
g
Figure 3. Visualizations of a molar tooth with stained fissures: Photograph with marked slicing region (a), PLM images
with 2.5x (b) and 10x (c) magnification, and PS-OCT images recorded under wet (d,e) and dry (f,g) conditions, displaying
intensity (d,f) and depolarization (e,g). Color bars: intensity ranging from 3 dB (black) to 63 dB (white), depolarization
from DOP=0 (yellow) to DOP=1 (blue). All scale bars: 1 mm in air.
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in comparison to sound enamel, whereas the depolarization indicates demineralization in the surrounding area
of the fissure, presumably overestimating the existing lesion.
The second exemplary tooth in Fig. 3a shows clearly delimited dark discolorations in the fissures, which
appear to be a superficial staining without impairment of the enamel in the region depicted by the PLM images
(b,c). While both PS-OCT intensity images (d,f) for wet and dry recording indicate an altered scattering in the
fissure, the depolarization representation corresponds to the PLM results without significant enamel alteration.
Although thin sections of adjacent regions were not available, depolarization imaging indicated a demineralization
in the unstained center of the fissure, as it is presented in Fig. 1 and was confirmed through the initial examination
by a dentist.
In summary, depolarization imaging based on PS-OCT and with reduced noise dependency facilitates the
differentiation of stained and demineralized enamel, and therefore, the assessment of occlusal alterations and
lesions. Whereas this comparison of two samples implies a high dependency of the depolarization results on
the hydration of the enamel with potential overestimation of the dry lesion, further investigation is necessary to
evaluate the consequences for clinical translation of this technique.
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Visualisierung adhäsiver Grenzflächendefekte bei
Zahnrestaurationen mit OCT und PSOCT
F. Tetschke, J. Golde, J. Walther, L. Kirsten et al.
Adhäsive Defekte wie Randspalte oder Mikrorisse in Zahnfüllungen stellen häufige Prädilektions-
stellen des oralen Biofilms dar und führen bei unzureichender Reinigung zu einer der häufigsten
Kariesform, der Sekundärkaries, die am Rand dentaler Füllungen entsteht. Die Ursachen für
die Ausbildung adhäsiver Defekte liegen neben einer unzureichender Präparationsgenauigkeit
und der unvermeidbaren Polymerisationsschrumpfung bei Licht-härtenden Materialien im We-
sentlichen im Alterungsprozess begründet. Im Zusammenhang mit der Kariesdiagnostik soll
die Arbeit in diesem Kapitel einen Ausblick zur Anwendung der OCT für die Beurteilung von
Kompositrestaurationen liefern.
Zusammenfassung der Ergebnisse
Zwei Prämolaren mit Klasse I Kompositfüllungen wurden mit OCT und PSOCT untersucht. Die
Präparation des zweiten Zahnes erfolgte ohne Verwendung eines Adhäsivs um Spaltformationen
zu provozieren. In den Schnittbildern der Intensitäts-basierten OCT sind verschiedene Defekte
wie inhomogene Adhäsivschichten, Einschlüsse und Blasenbildung im Füllungskörper und
Spaltformationen sichtbar. Zusätzlich zu diesen Defekten sind in den PSOCT-Aufnahmen charak-
teristische Polarisationsänderungen sichtbar, die sich auch im Schliffpräparat mit Polarisations-
Lichtmikroskopie nachvollziehen lassen.
Schlussfolgerungen
Aus den Aufnahmen der Verbundzone von Komposit und Zahnsubstanz mit OCT lassen sich
mögliche Defekte der Füllung erkennen. Die Darstellung dieser Defekte könnten sich in der
klinischen Praxis für die Beurteilung von Füllungen nutzen lassen. Weiterhin könnten aus der
Korrelation der PSOCT-Abbildung von Kompositfüllungen mit Referenzverfahren der Härte-
messung oder der Ultrastruktur Aussagen über Materialeigenschaften wie der Verteilung von
Füllpartikeln oder der Güte der Lichthärtung abgeleitet werden.
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Visualization of interfacial adhesive defects at 
dental restorations with spectral domain and 
polarization sensitive optical coherence 
tomography 
Abstract: Restoration loss based on interfacial adhesive 
defects and associated caries at the restoration margin are the 
main causes for invasive replacement of dental restorations. 
Assessment of the interfacial quality based on clinical 
inspection and radiographic examination is often difficult and 
not reliable. In this work, we present spectral domain optical 
coherence tomography (SDOCT) and polarization sensitive 
optical coherence tomography (PSOCT) for the evaluation of 
tooth-composite bond failure. Imaging of two composite 
restorations at the occlusal surface are presented using 
intensity-based images obtained by SDOCT and PSOCT 
based degree of polarization uniformity (DOPU). Both 
modalities revealed several defects beneath the surface such 
as inhomogeneous adhesive layers, marginal gaps and 
bubbles. In addition, DOPU representation showed an 
inhomogeneous structure within the composite material. OCT 
based imaging of dental restorations could add a valuable 
diagnostic tool for the evaluation of structural defects in 
clinical practice. The representation of polarization 
characteristics with the DOPU algorithm provides further 
information on the homogeneity of the restoration.  
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1 Introduction
Restoration defects such as marginal and internal interfacial 
gaps, micro-cracks and bubbles at the restoration-tooth 
interface are prominent predilection sites for the 
accumulation of plaque and bacteria. Since those micro-
cavities are difficult to clean, the occurrence of caries at the 
restoration margin often leads to restoration replacement  [1]. 
The detection of interfacial gaps and monitoring of their 
progression enables the dentist to implement early 
therapeutic strategies for the prevention of bacterial 
penetration. However, the detection and assessment of the 
dimension of interfacial defects by visual inspection is 
limited to larger defects apparent at the surface. Moreover, 
supplementary radiographic examination is not reliable for 
the validation of gap formation due to its poor resolution [2].  
As a promising approach for the inspection of structural 
changes of dental hard tissues, optical coherence tomography 
(OCT) has become a prominent tool in dental research over 
the last recent years [3]. Based on its capability to provide 
depth-resolved, high resolution cross-sectional images and 
volume scans, OCT has been extensively used in cariology 
and restorative dentistry, particularly for the characterization 
of carious lesions [4]–[6]. Evaluation of restorations was 
performed previously with intensity-based OCT and 
correlated with light and scanning electron microscopic 
images as reference methods [7]. Due to the birefringent 
properties of enamel, co- and cross-polarized imaging with 
PSOCT has been applied to study changes in the polarization 
characteristics at carious lesions [8]. The degree of 
depolarization uniformity (DOPU) was first introduced for 
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the assessment of depolarizing properties in ophthalmology 
[9]. The algorithm utilizes an averaging of adjacent speckles 
or pixels from the sub-resolution polarization scrambling of a 
depolarizing sample. In a recent studies, we have shown that 
the depolarization contrast of demineralized tissue 
represented by the DOPU contrast is a promising approach 
for the detection of early carious lesions [10] and in vivo 
imaging of the oral mucosa [11]. In this study, we introduce 
PSOCT for the assessment of interfacial adhesive defects at 
dental restorations and compare the DOPU based imaging 
with intensity-based SDOCT imaging. 
2 Methods and setup 
2.1 Preparation of Specimens 
Two teeth with occlusal composite restorations (Class I, 
CeramX duo, Dentsply Sirona, Wals, Austria) were 
investigated (Fig. 1). The teeth were extracted in clinical 
routine at the University Hospital Leipzig and stored in 0.5 % 
chloramine solution at 4 °C to prevent dehydration. The 
restoration at tooth A was inserted using an adhesive 
(Scotchbond Universal, 3M Espe, Neuss, Germany, curing 
for 10 s) and was cured with LED based UV light 
(Bluephase, Ivoclar Vivadent, Schaan, Liechtenstein) for 30 
s. In order to produce artificial interfacial gap formations at 
the tooth-restoration interface, no adhesive was used for tooth 
B. 
2.2 Measurement setup 
The presented OCT B-Scans were obtained at the position of 
the red dotted lines in Fig. 1. The teeth were imaged with a 
commercial SDOCT-system (TELESTO II, Thorlabs GmbH 
Dachau, Germany). Recording parameter in vitro were: 
center wavelength 1310 nm, bandwidth 214 nm FWHM, 
sensitivity ≤ 106 dB, axial/lateral resolution < 7.5 (air)/15 
µm, field of view maximum 8 mm x 8 mm x 3.5 mm (air, 
pixel size 800 x 400 x 1024), imaging speed 48 kHz, A-scan 
average 5.  
PSOCT measurements were performed, using a custom 
polarization sensitive swept source OCT system [10]. Briefly, 
the system consists of a swept source laser (Axsun 
Technologies Inc., Billerica, Massachusetts) with a sweep 
rate of 50 kHz, and a center wavelength of 1310 nm, 
bandwidth 110 nm FWHM, axial/lateral resolution 15.1 
(air)/15.6 µm, field of view maximum 10 mm x 10 mm and 
maximum imaging depth 4.96 mm with a lateral step size of 
8 µm (air, pixel size 1280 x 1280) and a axial pixel size of 
4.8 µm (air, pixel size 1024). Polarization characteristics 
were represented by the superposition of the calculated 
DOPU values within the color scale “Ametrine” [12] and the 
additional calculated reflectivity from the co- and cross-
polarized channel of the system. 
After OCT imaging, the teeth were sectioned through the 
regions of the red dotted lines (Fig. 1, corresponding B-
Scans). Microscopic images (Fig. 2c, 3c) were obtained with 
reflected light microscopy, bright field, 0.63x (Stemi 2000-C, 
Carl Zeiss Microscopy GmbH, Jena). For imaging of the 
specific composite region at Fig 2c1, transmitted light 
microscopy was used (20x, 0.5x Axioplan 1, Carl Zeiss, 
Oberkochen, Germany). 
3 Results and Discussion 
B-Scans of SDOCT and PSOCT (DOPU contrast) showed 
different defects at the restoration-tooth-interface at tooth 
A. In Fig. 2a and 2b the adhesive layer is clearly visible in 
the SDOCT image and DOPU representation as a layer 
with decreased intensity. The reflected light microscopy 
image confirms the adhesive layer at the area (Fig. 2c) but 
shows also that it does not pass around the complete 
restoration body. Adjacent to the adhesive layer, a bubble 
at the interface is visible (2) that is more pronounced in 
the SDOCT and PSOCT images (Fig. 2a, b). Although the 
contrast of the interfacial gap (3) is more obvious in the 
DOPU cross section, the dimension of the gap in the 
SDOCT corresponds more likely to the reference 
microscopic image. In addition to the visible defects at the 
restoration interface, the DOPU image reveals a coarse 
speckle pattern in the restoration body at both teeth (Fig. 
2b, 4 and Fig. 3b, 3). The pattern can be interpreted as 
inhomogeneous polarization states and might be  
Figure 1: Photographs of the investigated teeth with composite 
restorations at the occlusal surface (Class I). Restoration at tooth 
A was inserted using an adhesive, restoration at tooth B was 
inserted without an adhesive. The red dotted lines correspond to 
the positions of cross sections imaged with OCT and light 
microscopy (Fig. 2,3). C – composite restoration, E – enamel. 
2 mm 2 mm 
A B 
C 
E 
C 
E 
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Figure. 2: Cross sectional images at the position of the red 
dotted line of tooth A (Fig. 1A), obtained by SDOCT (a), DOPU 
representation (b), reflected bright field microscopy (c), and 
transmitted light microscopy (c1). Structures at the tooth-
composite interface are visible: (1) adhesive layer of different 
thickness, (2) bubble at the interface, (3) interfacial gap, (4) 
inhomogeneous composite structure. C – composite 
restoration, E – enamel. The scale bars in a, b correspond to 
500 µm. 
Figure. 3: Cross sectional images at the position of the red 
dotted line of tooth B (Fig. 1B), obtained by SDOCT (a), DOPU 
representation (b), reflected bright field microscopy (c). 
Structures at the tooth-composite interface are visible: (1) 
interfacial gap, (2) large interfacial gap, (3) inhomogeneous 
composite structure. C – composite restoration, E – enamel. The 
scale bars in a, b correspond to 500 µm. 
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associated to the distribution of the filling agents in the 
composite material. The inhomogeneity is confirmed by 
transmitted light microscopy in Fig. 2c1. The gap 
formation at tooth B close to the surface layer (1) and the 
speckle pattern at the restoration body (3) show 
characteristics similar to tooth A. In contrast, the large 
interfacial gap is characterized by two high intensity 
layers at the boundary. Based on the dispense of an 
adhesive layer during sample preparation, it is to assume 
that this gap is a result of shrinkage during light curing. 
Overall, the findings of PSOCT based DOPU representation 
of composite restoration are in good agreement with SDOCT 
imaging. In terms of structural resolution, the DOPU contrast 
is limited to the applied kernel size (axial x lateral: 6 pixel x 
6 pixel) for averaging of the derived Stokes components 
during PSOCT measurement (for further details, see [10]). 
This limitation is partially compensated by the superposition 
of the DOPU contrast with the reflectivity image, calculated 
from the co- and cross-polarization channel. On the other 
hand, DOPU representations provided additional information 
about the inhomogeneous polarization pattern at the 
restoration body that were not visible in the SDOCT B-Scan 
and in the reflected light microscopy images but were 
confirmed using transmitted light microscopy.  
4 Conclusion 
In this work, we presented SDOCT and PSOCT for the 
visualization of interfacial defects of composite fillings and 
compared the DOPU representation of cross sectional images 
with intensity-based SDOCT and light microscopy. All 
imaging modalities visualized several defects at the 
restoration-tooth interface. In addition, PSOCT revealed 
further information about the structural composition of the 
restoration that is associated with changes in depolarization 
properties. Future work will focus on the investigation of 
such characteristics at different restoration materials and their 
relation to mechanical properties. 
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10 Diskussion und Ausblick
Die vorliegende Dissertation beschäftigt sich mit der Bildgebung initialer Kariesstadien mit
optischer Kohärenztomografie und deren Erweiterung als Polarisations-sensitive optische Kohä-
renztomografie.
Ausgehend von der Charakterisierung kariöser Läsionen mit optischen und spektroskopischen
Verfahren (Kapitel 2), wird die In-vivo-Anwendung der endoskopischen OCT (Kapitel 3) und
der PSOCT beschrieben (Kapitel 4). Die aus diesen Untersuchungen abgeleitete Eignung der
OCT für die Darstellung der Zahnhartsubstanz führte zu der Weiterentwicklung der PSOCT-
Bildgebung für die Charakterisierung initialer Kariesläsionen (Kapitel 5, 6, 7). Die Anwendung
dieser, erstmalig am Zahn vorgestellten Depolarisationsbildgebung, erfolgte für die Untersuchung
suspekter Fissuren (Kapitel 8) und zur Beurteilung von Restaurationsdefekten bei Kompositfül-
lungen (Kapitel 9).
Die OCT im Kontext der modernen Kariestherapie
Die zugrundeliegende Fragestellung dieser Arbeit ist durch den derzeit stattfindenden Paradig-
menwechsel in der konservierenden Zahnmedizin motiviert, deren Schwerpunkt sich von der
klassisch-restaurativen Therapie hin zu einer kausal ausgerichteten medizinischen Kontrolle
des Kariesprozess bewegt (Meyer-Lueckel & Paris, 2012). Die Voraussetzung für diesen kon-
servativen, minimal-invasiven Ansatz stellt dabei genau genommen nicht die Erkennung der
Karies an sich dar, sondern vielmehr die Erkennung des Zustandes der Kariesläsion. Ziel neuer
diagnostischer Verfahren ist dabei, die initiale Karies im Remineralisationsstadium zu detektie-
ren um rechtzeitig präventive Maßnahmen zur Arretierung der Läsion durchführen zu können.
Weiterhin ist die Erkennung einer Kavitation des Schmelzes von elementarer klinischer Relevanz,
da ein Oberflächeneinbruch entscheidend dafür ist, ob mit einer intensivierten Prophylaxe die
Zahnsubstanz erhalten werden kann, oder eine invasive Füllungstherapie notwendig ist und
Zahnhartsubstanz irreversibel verloren geht. Neben der Lokalisation und dem Schweregrad der
Karies ist die Beurteilung der Aktivität ein essentielles Kriterium, um das individuelle Kariesrisiko
einschätzen zu können. Für die makroskopische Beurteilung existieren visuelle und taktile
Kriterien, anhand derer eine Einschätzung der Glattflächen möglich ist. Für die Approximal- und
Okklusalkaries gestaltet sich die Einschätzung der Aktivität von Initialstadien der Karies jedoch
aufgrund der niedrigen Sensitivität in der Röntgenbildgebung als sehr schwierig. Zwar liefert
die OCT als optisches Verfahren per se keine Information über die Aktivität einer Läsion auf
molekularer Ebene, jedoch lassen sich anhand der im Kapitel 2 gezeigten Streueigenschaften
der OCT-Schnittbilddarstellungen bereits frühe Demineralisationen vom umliegenden, gesunden
Schmelz abgrenzen. In Verbindung mit der hohen örtlichen Auflösung und dem nicht-invasiven
und nicht-ionisierenden Charakter, stellt die OCT ein vielversprechendes Screeningverfahren
dar, mit dem die Progression solcher frühen Kariesstadien untersucht werden kann (Fried et al.,
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Auf Basis von Sensitivitäten und Spezifitäten werden Verfahren hinsichtlich ihrer Güte zur Diffe-
renzierung von gesundem und erkranktem Gewebe bewertet. Im Kontext der Kariesdiagnostik
spielen diese Gütemaße im Sinne der differentialdiagnostischen Entscheidung eine besondere
Rolle. So gilt es, Hypoplasien, Fluorosen, Abrasion und Erosion vom Kariesprozess zu differen-
zieren, da bei diesen Erscheinungsformen der Schmelzanomalien andere Therapiekonzepte
Anwendung finden. Am Beispiel der in Kapitel 3 mit endoskopischer OCT dargestellten Fluorose
wird diese Problematik auch bei der OCT-Bildgebung verdeutlicht: Die Interpretation der OCT-
Bildgebung basiert im Wesentlichen auf der subjektiven Wahrnehmung der Streueigenschaften.
Diese unterscheidet sich im Fall der dargestellten Fluorose zwar in der Tiefenausprägung, jedoch
existiert kein spezifischer Kontrastunterschied, der eine intuitive Differenzierung von einer frühen
Kariesläsion erlaubt (siehe Darstellung white-spot Läsion im Kapitel 2). Die hier vorgestellte Bild-
gebung von Läsionen auf Basis der Depolarisation ergänzt die konventionelle OCT-Darstellung
um einen funktionellen Kontrast und erlaubt bereits bei frühen Demineralisationen eine bessere
Abgrenzung der Läsion als in der Intensitätsdarstellung.
Die intraorale OCT-Bildgebung mit angepassten Applikatoren
Der Bedarf für ein Kariesmonitoring initialer Läsionen besteht insbesondere bei den schwer
einsehbaren Approximalraumbereichen und den Fissuren der Okklusalflächen. Daher setzt die
Anwendung der OCT für diese Bereiche die Integration der Messtechnik in Applikatoren mit
einer Formgebung voraus, der einen approximalen Zugang erlaubt. Durch die Miniaturisierung
der optischen Komponenten müssen jedoch immer auch Kompromisse hinsichtlich der zu
erreichenden Abbildungsqualität getroffen werden:
• Grenzflächen des komplexen optischen Aufbaus können zum Intensitätsverlust führen und
Bildartefakte verursachen
• Zwischen Größe des Sichtfeldes und der erreichbaren Auflösung muss eine Abwägung
hinsichtlich der Fragestellung der Bildgebung getroffen werden
• Die Anpassung der Komponenten für die mechanischen und hygienischen Anforderungen
können die Auswahl des optischen Designs limitieren
In der Literatur sind bereits einige Prototypen für die intraorale OCT-Bildgebung auf endoskopi-
scher (Ridgway et al., 2006; Higgins & Pierce, 2014; Sun et al., 2015; Tsai et al., 2017) oder
Faser-basierter (Shemesh et al., 2007; Lee et al., 2015) Messtechnik beschrieben. Im Kapitel
3 wird für die Umsetzung der OCT für intraorale Messungen die Adaption eines Endoskopes
gewählt. Dieser pragmatische Ansatz hat den Vorteil, dass auf Komponenten aus einem pro-
fessionellen Herstellungsprozess zurückgegriffen werden kann, die unter der Berücksichtigung
der mechanischen und hygienischen Anforderungen produziert wurden. Die Abbildungsqualität
erlaubt die Differenzierung typischer Gewebemerkmale und ermöglicht im Gegensatz zu bis-
herigen Prototypen auch die Bildgebung des hinteren Mundraumes inklusive der Prämolaren
und des ersten Molaren. Da in dieser Arbeit die Anpassung eines kommerziell verfügbaren
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Laparoskopes präsentiert wird, welches ursprünglich für die intraoperative Kamerabildgebung
entwickelt wurde, ist die OCT-Bildgebung mit diesem System auf nach anterior gerichtete
Flächen limitiert. Um eine Untersuchung der Okklusalflächen vornehmen zu können, ist der
Einsatz eines Applikators mit abgewinkelter Optik sinnvoll (Simon et al., 2017). Auch für die
Erkennung der Approximalkaries gibt es Bestrebungen, Läsionen durch vestibulären Scan am
Approximalkontakt zu detektieren (Shimada et al., 2014). Allerdings ist die Interpretation der
Bildgebung aufgrund der komplexen Geometrie und der Dicke der Schmelzschicht im Bereich
der Prämolaren und Molaren äußerst fraglich, da aus der relevanten Tiefe nur noch wenig
Licht zurück gestreut wird. Einen innovativen Ansatz stellen hier Faser-basierte, miniaturisierte
Sonden dar, die in den Zahnzwischenraum eingeführt werden und eine direkte Messung unter-
halb des Kontaktpunktes ermöglichen. Diese Entwicklung könnte die Diagnostik der häufigsten
Kariesform völlig neu definieren, da dadurch die direkte Bildgebung des Zahnzwischenraumes
mit einer für frühe Kariesstadien sensitiven Technologie ermöglicht wird. Dadurch ließen sich
erstmalig Demineralisationsprozesse in einem Stadium erfassen lassen, welche in der routi-
nemäßigen Bissflügelaufnahme nicht abgebildet werden können. Weiterhin könnte durch die
hochauflösende, strukturelle Bildgebung der kritische Übergang zur Kavität detektiert werden,
der ein entscheidendes Kriterium für die invasive Füllungstherapie darstellt.
Depolarisationsbildgebung als Marker für die frühe Kariesläsion
Die Darstellung von Polarisationseigenschaften mit PSOCT liefert einen Ansatz, die Intensitäts-
basierte OCT durch einen funktionellen Kontrast zu erweitern. Schon seit den ersten PLM-
Aufnahmen von Schliffpräparaten des Zahnes Ende der 1950er Jahre, ist dessen negati-
ve Doppelbrechung bekannt (Darling, 1956), die durch die Anisotropie der dicht-gepackten
Hydroxylapatit-Prismen mit einem Porenvolumen von ca 0,1% erzeugt wird (Meyer-Lueckel &
Paris, 2016). Der kariöse Demineralisationsprozess vergrößert dieses Porenvolumen auf bis zu
25% im Läsionskörper (Schroeder, 1997). Wird Wasser als Inhibitionsmedium verwendet, ist
der Läsionskörper in der PLM durch eine positive Doppelbrechung charakterisiert und erzeugt
dadurch einen spezifischen Kontrast zum umliegenden Schmelz.
Die Anwendung der PSOCT erlaubt zwar nicht die Auflösung der Läsionsmerkmale wie sie
in der PLM abgebildet werden können, jedoch konnte mit der PSOCT-basierten Bildgebung
gezeigt werden, dass sich die doppelbrechenden Eigenschaften und deren Veränderungen
durch Schmelzalterationen auch zerstörungsfrei darstellen lassen. Dabei fällt besonders bei den
PSOCT-Abbildungen von Approximalläsionen in den Kapiteln 4 und 5 auf, dass die Abbildung
der Doppelbrechung des Schmelzes stark von der Ausrichtung der Schmelzprismen zum einge-
strahlten Licht abhängt. Unter der Annahme, dass die Schmelzprismen überwiegend senkrecht
zur Zahnoberfläche angeordnet sind (Schroeder, 1976), zeigt sich dass die Doppelbrechung in
der PSOCT-Darstellung bei der senkrechten Einstrahlung des Lichtes zur Prismengeometrie
sichtbar ist. Die Darstellung der Phasen-Verzögerung (engl. Retardation), der optischen Ach-
senorientierung, sowie der beiden senkrecht zueinander ausgerichteten Polarisationen (engl.
co- / cross- polarization), ist demnach winkelabhängig und wird durch die Doppelbrechung im
Schmelz beeinflusst. In der Literatur erfolgte die Detektion natürlicher und künstlicher Karieslä-
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sionen mit PSOCT vorwiegend auf Basis der Darstellung der co- und cross- polarization Kanäle
unter Verwendung von linear polarisiertem Licht (Douglas et al., 2010; Jones et al., 2006; Fried
et al., 2002).
Die im Kapitel 4 und 5 vorgestellten Untersuchungen führen mit der Darstellung des DOPU
einen weiteren, bereits in der ophtalmologischen Forschung etablierten Kontrast der PSOCT
(Goetzinger et al., 2008; Makita et al., 2014; de Boer et al., 2017) erstmalig für die Bildgebung
am Zahn ein. Beim Vergleich zwischen den untersuchten PSOCT-Darstellungen fällt auf, dass
sich die Abbildung des DOPU unabhängig von den doppelbrechenden Eigenschaften und der
Orientierung der Schmelzprismen abzeichnet. Die Depolarisationdarstellung stellt dadurch Lä-
sionen deutlich kontrastreicher dar und führt zu einer intuitiven Abgrenzung der Läsion.
Die mit der Darstellung der Depolarisation zusammenhängenden Mechanismen in biologischen
Geweben sind noch nicht vollends verstanden. Allerdings scheint ein unmittelbarer Zusam-
menhang zwischen der auftretenden Mehrfachstreuung und der Depolarisation zu existieren
(Baumann, 2017). Der “verwischte” Verlauf der Intensitäten initialer Kariesläsionen in der OCT
deutet auch hier auf eine erhöhte Mehrfachstreuung hin. Dieser Effekt tritt deutlich verstärkt auf,
wenn die Läsion unter Trockenlegung betrachtet wird. Die Ursache hierfür ist der relativ große
Unterschied der Brechungsindizes bei dem Grenzflächenübergang Luft-Schmelz (Abbildung
10.1, obere Reihe). Ist das Porenvolumen der demineralisierten Schmelzschicht jedoch mit Was-
ser gefüllt, so ergibt sich für den Übergang Luft-Wasser-Schmelz ein niedrigerer Gradient der
Brechungsindizes, was in einer geringeren Streuung resultiert (Abbildung 10.1, untere Reihe).
Die Umgebungsbedingungen haben damit einen unmittelbaren Einfluss auf die OCT-Bildgebung
Abbildung 10.1. Brechungsindexunterschiede zwischen trockenem (obere Reihe) und befeuchtetem
(untere Reihe) Zustand der Zahnoberfläche und dessen Auswirkung auf die Depolarisationsbildgebung
einer Okklusalfläche mit PSOCT. Unter Trockenlegung ist der Gradient der Brechungsindizes größer als
bei feuchter Oberfläche. Dies führt zur Überbewertung der Fissur (siehe Pfeil), die im Schliff mit PLM
keine Läsion in der Fissur zeigte (nicht dargestellt).
von frühen Schmelzläsionen (Nazari et al., 2013). Aus der Gegenüberstellung von Läsionen
im trockenen und feuchten Zustand lässt sich diese Abhängigkeit auch für die in dieser Arbeit
präsentierte Depolarisationsbildgebung nachvollziehen. Anhand der größeren Eindringtiefe
im feuchten Zustand und der Übereinschätzung der Läsion im trockenen Zustand, lässt sich
daher die Empfehlung ableiten, (PS)OCT-basierte Messungen für die Kariesdiagnostik unter
feuchten Bedingungen durchzuführen. Im Fall einer potentiellen Diagnostik initialer Stadien
der Okklusalkaries mit OCT, könnte dies unter Feuchthaltung der Okklusalflächen mit der Be-
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handlungseinheit realisiert werden. Aufgrund der fehlenden Exposition der Approximalräume,
ist hier die Austrocknung der Zahnoberfläche als gering einzuschätzen. Eine Benetzung der
Oberfläche vor der Messung könnte im Bedarfsfall jedoch durch Anwendung einer befeuchtete
Interdentalbürste bzw. Zahnseide erreicht werden.
Das grundlegende Prinzip der hier beschriebenen Depolarisation basiert auf der Änderung der
Eingangspolarisation von räumlich aneinander grenzenden Objektpunkten (Pixeln) und wird
durch den sogenannten Stokes-Formalismus beschrieben Goetzinger et al. (2008). Die Berech-
nung des DOPU erfolgt hierbei durch die Mittelung der Stokes-Komponenten innerhalb eines
definierten Areals. Die Mittelung der Stokes-Komponenten über mehrere Pixel hat allerdings
auch zur Folge, dass strukturelle Merkmale in der DOPU-Darstellung weniger gut aufgelöst
dargestellt werden, als in der ungemittelten Intensitätsdarstellung. Wichtige Strukturen wie die
Schmelz-Dentin-Grenze, deren Detektion hinsichtlich der Feststellung einer Dentinbeteiligung
von Bedeutung ist, sind dadurch weniger gut oder im Zweifelsfall gar nicht detektierbar. Die
Weiterentwicklung der Depolarisationsbildgebung in dieser Arbeit umfasste daher die Kombinati-
on der Struktur-abbildenden Intensitätsdarstellung mit dem DOPU-basierten Kontrast, sowie
die Anwendung einer isoluminanten Farbskala. Der Maskierungseffekt von nicht Polarisations-
sensitiven Strukturen in der Depolarisationsdarstellung kann durch die Überlagerung mit der
Struktur-erhaltenden Intensitätsdarstellung kompensiert werden und erlaubt dadurch sowohl die
Darstellung der Mikrostruktur, als auch eine eindeutige Erkennung depolarisierender Merkmale.
Die überlagerte Darstellung erlaubt durch den verstärkten Kontrast der isoluminanten Farbskala
eine deutlich bessere und intuitivere Abgrenzung der Läsion vom umliegenden Schmelz und ist
zudem auch von Menschen mit einer vorliegenden Rot-Grün-Schwäche (9% der Männer und
0,9% der Frauen) besser interpretierbar.
Der Großteil der Untersuchungen dieser Arbeit basiert auf der Bildgebung von extrahierten
Zähnen. Dies hat den Vorteil, dass grundlegende Aussagen über die Eignung der OCT mit
Systemen im Laborstadium getroffen werden können. Zudem sind umfangreichere Untersu-
chungen aufgrund der guten Verfügbarkeit von extrahierten Zähnen möglich. Jedoch bilden
In-vitro-Untersuchungen immer nur ein eingeschränktes Bild der In-situ-Situation ab und sind
zudem durch einen hohen Grad der Heterogenität bezüglich der Probenauswahl geprägt. So
liegen für die untersuchten Zähne keine entsprechenden Patientendaten vor, die Auskunft über
Parameter wie das Alter der Zähne oder bereits existierende Mineraldefekte (beispielsweise
Hypomineralisationen) geben, die einen wesentlichen Einfluss auf die Mikrostruktur (Kunin
et al., 2015; Mahoney et al., 2004) und damit auch auf die optischen Phänomene haben. Im
Kapitel 7 wurde daher die Korrelation zwischen der Läsionstiefe und der Depolarisation an
einem standardisierten Schmelzplättchenmodell untersucht. Auch wenn die Prozesse für die
Herstellung der Probenkörper in dieser Untersuchung weitestgehend reproduzierbar waren, so
konnte eine hohe Variation der gemessenen Läsionstiefe im Verlauf der künstlichen Deminerali-
sation festgestellt werden. Dieses Ergebnis verdeutlicht, dass der initiale Kariesprozess selbst in
einem reduzierten Demineralisationsmodell, welches ein statisches Auflösen der Kristallstruktur
auf Basis einer Säure-Puffer-Lösung hervorruft und keine natürlichen Remineralisations- oder
pH-Zyklen berücksichtigt, keinem gleichmäßigem Muster folgt und stark von der strukturellen
Beschaffenheit der Probe abhängig ist. Die In-vivo-Situation stellt sich jedoch als noch weitaus
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komplexer dar, da hier eine Vielzahl mikrobiologischer Prozesse beteiligt sind, die im Rahmen
von In-vitro-Untersuchungen nur stark vereinfacht abgebildet werden können (Tang et al., 2003;
Yu et al., 2017; Dos Santos et al., 2019). Ziel der Arbeit war es daher, den grundlegenden
Zusammenhang zwischen der PSOCT-basierten Depolarisation mit verschiedenen Stadien
der initialen Kariesläsion zu untersuchen. Die Ergebnisse zeigen, dass ein linearer Zusam-
menhang zwischen den Werten der Depolarisation und der Demineralisation besteht. Dabei
wird die Depolarisation maßgeblich durch Strukturen hervorgerufen, die histologisch dem Bild
des Läsionskörpers entsprechen. Hierbei ist hervorzuheben, dass die alleinige, quantitative
Betrachtung der DOP/DOPU Werte zu einer Fehleinschätzung des Läsionsstadiums führen
kann, da nicht Karies-involvierte Strukturen wie die Schmelz-Dentin-Grenze, das Dentin oder
vorhandene Risse ebenfalls zur Depolarisation beitragen. Diesbezüglich liefert die bereits bei der
Okklusalkaries vorgestellte Darstellung der Depolarisation in der en-face Ansicht auch bei dieser
Untersuchung zwar einen guten Überblick über die Dimension der Demineralisation, jedoch
kann anhand der Projektion (beispielsweise Mittelung der DOP-Werte über eine bestimmte
Tiefe) nicht auf die Quelle der Depolarisation rückgeschlossen werden. Für die Anwendung der
Depolarisationsbildgebung zur Detektion von Initialläsionen wird daher ein semi-quantitativer
Ansatz empfohlen, der einen statistischen Vergleich der Depolarisationsparameter zwischen
unterschiedlichen Gebieten erlaubt und eine Übersichtsdarstellung als en-face Projektion in
Kombination mit entsprechenden Schnittbildebenen bereitstellt.
Beurteilung von Kompositfüllungen mit OCT
Ein Großteil der Kosten in der konservierenden Zahnmedizin wird durch zahnärztliche Re-
staurationen verursacht, wobei mindestens 2/3 aller Restaurationen als Erneuerungen alter
Füllungen und nicht als Primärversorgung durchgeführt werden (Mjör et al., 2000). Dieser
eingangs als “Re-Dentistry’ ’ beschriebene Versorgungszyklus wird durch chemo-mechanische
Alterungsprozesse im Zusammenspiel mit der Biofilmbildung an marginalen Randspalten be-
günstigt (Neppelenbroek, 2015; Eltahlah et al., 2018). Liegt kein ausreichend guter Haftverbund
des Komposits vor, kann es am Übergang Komposit-Zahnhartsubstanz zur Stress-bedingten
Randspaltbildung kommen (Park et al., 2015). Diese marginale Randspaltbildung kann durch
Sondierung detektiert werden und stellt ein wesentliches Kriterium für eine Reparatur oder sogar
den Austausch einer Füllung dar (Kirsch et al., 2016). Auf Basis der Sondierung ist jedoch keine
Abschätzung der Dimension und der Tiefenausdehnung solcher Randspaltdefekte oder der
Qualität der Adhäsivschicht möglich.
Im Kapitel 9 wird die OCT für die zerstörungsfreie Einschätzung des adhäsiven Verbundes von
zwei Klasse-I Kompositfüllungen vorgestellt. Um an einem Zahn einen marginalen Randspalt
zu provozieren, wurde bei der Füllungslegung auf die Adhäsivapplikation verzichtet. Die Abbil-
dung der OCT zeigt für diesen Zahn einen unter der Oberfläche liegenden Randspalt, der sich
jedoch nicht bis zur Außenfläche ausdehnt. Demzufolge würde dieser tiefer liegende Defekt
einer visuellen Detektion oder Sondierung der Oberfläche verborgen bleiben. Der Verzicht auf
einen adhäsiven Verbund entspricht zwar nicht der klinischen Praxis, jedoch unterstreicht dieses
methodische Vorgehen die Bedeutung einer suffizienten Adhäsivschicht, welche mit OCT erfasst
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werden kann (Park et al., 2013). Fraglich ist, ob aufgrund dieser Spaltbildung eine Reparatur er-
folgen würde, da oberflächlich kein deutlicher Defekt ersichtlich ist, der eine bakterielle Migration
in den Spalt ermöglichen würde. Die Alleinige Detektion eines Randspaltes der klinisch nicht
sondierbar ist und keine Verfärbungen aufweist, stellt im Sinne der zahnerhaltenden Philoso-
phie noch keine Indikation für einen Füllungstausch dar. Ein engmaschiges Monitoring solcher
Defekte kann jedoch Aufschluss über die Progression solcher Defekte liefern und rechtzeitig
präventive Maßnahmen, wie beispielsweise eine Reparatur der Füllung, ermöglichen. Liegt
eine Überempfindlichkeit eines Zahnes (postoperative Hypersensibilität) ohne klinisch auffällige
Oberfläche vor, so könnte die Bildgebung mit OCT sinnvoll eingesetzt werden, um tiefer lie-
gende Defekte zu detektieren. Limitiert wird dieser Ansatz durch die Eindringtiefe der OCT, die
insbesondere bei größeren Klasse-I Füllungen mit Bulk-fill Kompositen nicht ausreicht um den
Kavitätenboden darzustellen (Bakhsh et al., 2011). Klasse-V Füllungen an freiliegenden Zahn-
hälsen und deren adhäsive Defekte lassen sich hingegen vollständig abbilden (Senawongse
et al., 2011; Schneider et al., 2017). Eine Bildgebung durch immer noch häufig vorkommende
Metall-Füllungen (Amalgam, Gold) ist ebenfalls nicht möglich.
Im Hinblick auf die Entwicklung neuer Komposite, könnte die OCT aufgrund ihres tomografischen
Charakters für die In-vivo-Quantifizierung der Polymerisationsschrumpfung (Sampaio et al.,
2019) und zum Monitoring des adhäsiven Verbundes eingesetzt werden. Zudem sind in der
Depolarisationsbildgebung Muster innerhalb der Restauration erkennbar, die mit der Verteilung
von Füllpartikeln oder dem Polymerisationsprozess korreliert sein könnten. Bestätigt sich in
weiteren Untersuchungen ein solcher Zusammenhang, so würde dem Zahnarzt erstmalig ein
optisches Verfahren zur Verfügung stehen, mit dem der Grad der Aushärtung evaluiert und
dadurch die mechanische Stabilität des Materials sichergestellt werden könnte.
Ein weiterer Aspekt, der im Rahmen der Bildgebung von Kompositfüllung mit OCT von Interesse
sein könnte, ist die Beurteilung der Kavitätenpräparation und die Modellation der Füllung in der
zahnärztlichen Aus- und Fortbildung von Studenten und Zahnärzten. Qualitätsmerkmale wie
die Randintegrität oder die Entfernung okklusaler Überschüsse könnten dabei direkt am Modell
evaluiert und diskutiert werden. Durch die Aufnahme der Bilddaten könnte der Fortschritt in der
Lernkurve nachvollzogen und mögliche Defizite in der Applikationstechnik dokumentiert werden.
Ausblick und weiterführende Arbeiten
Aus den Ergebnissen dieser Arbeit lässt sich ein hohes Potenzial für die Anwendung der OCT
und im speziellen der PSOCT-basierten Depolarisationsbildgebung von Initialläsionen ableiten.
Für einen Transfer in die Patienten-nahe Anwendung und für die Durchführung klinischer Studien
ist die Entwicklung geeigneter Intraoralapplikatoren notwendig. Fortführende Arbeiten werden
sich daher mit der Entwicklung von Sonden insbesondere für die Okklusal- und Approximalkari-
esdiagnostik beschäftigen. Dazu entstand in Kooperation mit der University of Western Australia
bereits ein Faser-basierter Prototyp, der in den Approximalraum eingeführt werden kann und
einen 360◦-Scan ermöglicht. Dadurch kann der gesamte relevante Bereich unterhalb des Kon-
taktpunktes abgebildet und die Oberflächenbeschaffenheit hinsichtlich einer Kavitätenbildung
bewertet werden (siehe Abbildung 10.2). Denkbar ist ebenfalls die Integration spektroskopischer
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Abbildung 10.2. Links: 3D-Darstellung des distalen Endes einer faserbasierten OCT-Sonde für die
OCT-Bildgebung im Zahnzwischenraum. Für einen 360◦-Scan entlang des Zahnzwischenraumes ist
eine Rotation und und Translation der Sonde notwendig (rote Pfeile). Rechts: Depolarisationsdarstel-
lung eines Zahnzwischenraumes mit früher Approximalläsion (Sterne) an beiden Zähnen. Anhand der
Oberflächenstruktur ist keine Kavitation sichtbar. SDG: Schmelz-Dentin-Grenze.
Verfahren für eine multimodale Bildgebung. Dadurch könnte die strukturelle Bildgebung der OCT
um die Erfassung molekularer Informationen sinnvoll ergänzt werden. Einen spannenden Ansatz
könnte die simultane Messung mittels Raman-Spektroskopie liefern, da mit diesem Verfahren
Kalzium- und Phosphat-assoziierte Änderungen erfasst werden können (Ramakrishnaiah et al.,
2015). Auch für die Charakterisierung des oralen Mikrobioms fand die Raman-Spektroskopie
bereits Anwendung (Beier et al., 2012; Berger & Zhu, 2003).
Hinsichtlich der Depolarisationsbildgebung erfolgt die ständige Weiterentwicklung neuer Algorith-
men zur Rauschunterdrückung und Artefaktminimierung. Für die Darstellung der gemessenen
Daten werden verschiedene Prozessierungsvarianten untersucht, die in Anlehnung an die Dar-
stellung der digitalen Volumentomografie umgesetzt werden könnten. Eine mögliche Variante
wäre die Abbildung der en-face Projektion für den Gesamtüberblick des Messfeldes in Kombi-
nation mit der Darstellung axial verschiebbarer Schnittbildebenen und einer entsprechenden
3D-Darstellung der Daten. Bereits in Arbeit befindet sich die Registrierung der gemessenen
OCT-Daten auf µCT-Messungen, die einen exakten Vergleich der Schnittbilder mit einem in der
Forschung etablierten Referenzverfahren erlaubt (Chalas et al., 2017). Aus dem Zusammenhang
mit dem Kontrast in der µCT-Abbildung ließen sich gegebenenfalls Intervallbereiche der Depo-
larisation für Initialläsionen quantifizieren und diese in einem überschaubaren Ampelsystem
darstellen (rot = Läsion, gelb = Verfärbungen, grün = gesunde Hartsubstanz). Um die Komplexität
des Erscheinungsbildes der Karies und anderer, nicht Karies-assoziierter Phänomene in den
Werten der Depolarisation abzubilden, bedarf es jedoch noch einer Vielzahl an Messungen.
Ein weiterer Bestandteil der Grundlagenforschung wird sich mit der Ursache der Depolarisation
im Zusammenhang mit den Strukturmerkmalen initialer Kariesläsionen beschäftigen. Hoch-
auflösende Verfahren wie die Rasterelektronenmikroskopie und vergleichende Messungen mit
PLM könnten auf nano- und mikrostruktureller Ebene Einblicke in die mit der Depolarisation
zusammenhängende Kristallstruktur liefern.
In Kooperation mit der Poliklinik für Zahnerhaltung des Universitätsklinikums in Leipzig wird
in einem aktuellen Projekt an der Beurteilung von Kompositfüllungen und deren Abhängigkeit
von verschiedenen Applikationsparametern geforscht. Ein Schwerpunkt in diesem Projekt stellt
die Untersuchung des Polymerisationsprozesses mit PSOCT dar. Ziel ist es, durch die PSOCT
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den Aushärtungsprozess in Echtzeit zu erfassen und mit etablierten Referenzverfahren der
Härtemessung zu korrelieren.
Durch die schnelle und für den Patienten unbedenkliche Erfassung der Oberflächenstruktur
der Zahnhartsubstanz im Mikrometerbereich bietet die OCT das Potenzial, bei den diagnos-
tischen Schwerpunkten der Okklusal- und Approximalkaries erstmalig einen Lösungsansatz
für die bisherigen Defizite der Röntgendiagnostik bereitzustellen. Die erfolgreiche Anwendung
und Etablierung des Verfahrens für diese Fragestellung ist jedoch mit zwei grundlegenden
Anforderungen verbunden:
• Die Erkennung früher Kariesstadien muss auf einer robusten und für den Zahnarzt
intuitiven Bildgebung basieren.
• Für die Anwendung des Verfahrens müssen geeignete Applikatoren zur Verfügung ste-
hen, die eine unkomplizierte und schnelle Messung während des Behandlungsablaufs
erlauben.
Bei einem Blick in die Fachliteratur zur Anwendung der OCT im Gebiet der Kariologie fällt dabei
auf, dass überwiegend die Anwendung Intensitäts-basierter OCT-Bildgebung an extrahierten
Zähnen beschrieben wird. In dieser Arbeit wird ein neuer Ansatz vorgestellt, der auf Basis
der Depolarisationseigenschaften die konventionelle OCT-Bildgebung um einen zusätzlichen
Kontrast erweitert und eine intuitivere Erkennung initialer Kariesläsionen erlaubt. Im Zusam-
menhang mit den gewonnenen Erkenntnissen aus In-vivo-Messungen und der Integration der
OCT-Messtechnik in intraoral-anwendbare Applikatoren, bilden die Veröffentlichungen in dieser
Arbeit die Grundlage für die Anwendung der Depolarisationsbildgebung als ein neues Verfahren
für die Okklusalkaries- und Approximalkariesdiagnoistik in ersten klinischen Studien.
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Zusammenfassung
Hintergrund
Nach wie vor stellt die Karies die häufigste, chronische Infektionskrankheit weltweit dar. Durch
den Wandel von der klassisch-invasiven Kariestherapie hin zu einer kausal-ausgerichteten
Zahnmedizin, rücken dabei zunehmend non- bzw. minimal- invasive Behandlungskonzepte in
den Vordergrund. Eine fundamentale Voraussetzung für diesen konservativen Ansatz ist die
Erkennung früher Kariesstadien, da initiale Läsionen durch geeignete Präventionsmaßnahmen
remineralisiert und arretiert werden können und sich dadurch ein kostenintensiver und invasiver
Versorgungszyklus mit restaurativen Maßnahmen verzögern oder sogar verhindern lässt. In der
Röntgendiagnostik für nicht-einsehbare Approximal- und Okklusalbereiche existiert neben der
unzureichenden Sensitivität für frühe Kariesstadien die Problemstellung, dass ein möglicher Ein-
bruch der Schmelzoberfläche im Röntgenbild nicht eindeutig erkennbar ist. Allerdings markiert
die Kavitation die Schwelle zur invasiven Versorgung und ist daher von Therapie-entscheidender
Relevanz.
Im Kontext eines modernen Kariesmanagements besteht daher insbesondere für die Bereiche
der Okklusal- und Approximalflächen der Bedarf nach neuen Verfahren, die eine Erkennung
des frühen Kariesprozess ermöglichen und Aufschluss über die strukturelle Beschaffenheit der
Läsion liefern.
Fragestellung / Hypothese
Optische Verfahren können für diese Fragestellung eine vielversprechende Ergänzung zur
klinischen Diagnostik darstellen, da sie eine schnelle, nicht-invasive, hoch-auflösende und
nicht-ionisierende Bildgebung erlauben. Als tomografisches Verfahren bietet die optische Kohä-
renztomografie (OCT) die Möglichkeit, Strukturen im Mikrometerbereich tiefen-aufgelöst und
in Echtzeit darzustellen. Die durch Demineralisation alterierte Mikrostruktur des Schmelzes ist
mit einer Änderung der Streueigenschaften von sichtbarem und nah-infrarotem Licht verbun-
den und lässt sich durch die OCT darstellen. In Verbindung mit dem initialen Kariesprozess
treten ebenso Änderungen der Polarisation des Lichtes auf, die mit Polarisations-sensitiver OCT
(PSOCT) erfasst werden können. In der vorliegenden Arbeit wird die zentrale Fragestellung der
Erkennung initialer Kariesstadien durch die Anwendung und Erweiterung der OCT und PSOCT-
Bildgebung adressiert. Darüber hinaus wird die intraorale Anwendung der OCT beschrieben
und die Beurteilung von Kompositrestaurationen mit OCT diskutiert.
Material und Methoden
Ausgehend von der Charakterisierung unterschiedlicher Kariesstadien mit verschiedenen op-
tischen und spektroskopischen Verfahren, wurde die Eignung der OCT und PSOCT für die
Anwendung im Mundraum untersucht. Neben der In-vivo-Bildgebung mit PSOCT erfolgte hierfür
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die Adaption eines Endoskopes zur intraoralen Bildgebung. Aufgrund der vielversprechenden
Ergebnisse für die Darstellung initialer Kariesläsionen wurde die PSOCT-basierte Bildgebung
um die Implementierung eines Polarisationskontrastes (“Degree of Polarization”, DOP) weiter-
entwickelt und dieser erstmalig bei verschiedenen Kariesstadien und Lokalisationen dargestellt.
Auf Basis eines standardisierten Schmelzplättchenmodels wurde weiterführend in einer Verlaufs-
studie der Zusammenhang zwischen der Depolarisation und der Läsionstiefe bei künstlicher
Demineralisation untersucht und anhand von Schliffpräparaten validiert. Darüber hinaus erfolgte
die Anwendung der OCT und PSOCT-basierten Bildgebung für die Darstellung von Kompositfül-
lungen und deren adhäsiven Verbundzone bei zwei Klasse-I Kavitäten.
Ergebnisse und Schlussfolgerungen
Bei der Anwendung verschiedener Verfahren zur Charakterisierung von kariösen Läsionen ließen
sich initiale Kariesstadien anhand des Streuverhaltens in OCT-Schnittbildern vom umliegen-
den, gesunden Schmelz abgrenzen und Oberflächenalterationen erfassen. Die Adaption eines
Endoskops für die intraorale OCT-Anwendung ermöglichte die Bildgebung bis zu den ersten
Molaren und lieferte eine ausreichend gute Auflösung, um klinisch relevante Strukturmerkmale
wie die Schmelz-Dentin-Grenze darzustellen. Die In-vivo-Bildgebung der Zahnhartsubstanz
mit PSOCT konnte Polarisationseigenschaften des Zahnes abbilden und ergänzt dadurch die
Intensitäts-basierte Abbildung kariöser Läsionen um einen funktionellen Kontrast. Die Darstel-
lung der Depolarisation auf Basis des DOP zeigte keine Sensitivität gegenüber der natürlich
vorkommenden Doppelbrechung des Schmelzes, was zu einer deutlich kontrastreicheren und
intuitiveren Abgrenzung von Läsionen führte. Dabei zeigte sich in der systematischen Untersu-
chung am Schmelzplättchenmodel ein linearer Zusammenhang zwischen der Depolarisation und
der gemessenen Läsionstiefe. Die Anwendung der Depolarisationsbildgebung bei suspekten, ok-
klusalen Oberflächen erlaubte anhand der Schnittbilddarstellung eine Differenzierung zwischen
unbedenklichen Verfärbungen und frühen Demineralisationsprozessen in den Fissuren. Bei der
Darstellung von Kompositrestaurationen mit OCT und PSOCT konnten verschiedene Defekte wie
Randspalte und inhomogene Adhäsivschichten erkannt werden. Die Depolarisationsbildgebung
des Kompositmaterials lieferte zudem neue Ansätze für die Beurteilung von Materialparametern
wie die Verteilung von Füllpartikeln und die Güte der Aushärtung des Komposits.
Auf Basis der vorgestellten Untersuchungen lässt sich ein großes Potenzial der OCT für die Er-
kennung initialer Kariesstadien sowie für die Darstellung der dentalen Mikrostruktur ableiten. Die
eingeführte Depolarisationsbildgebung stellt dabei eine Erweiterung bisheriger OCT-basierter An-
sätze dar und wurde im Rahmen dieser Arbeit erstmalig für die Anwendung am Zahn präsentiert.
Darüber hinaus bilden die Ergebnisse der Untersuchungen die Grundlage für die Entwicklung
weiterer Prototypen für die intraorale OCT-Bildgebung, die zukünftig eine vielversprechende
Ergänzung zu klinisch etablierten Verfahren bei der Diagnostik der Approximalbereiche und
Okklusalflächen darstellen könnte.
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Summary
Background
Caries is still the most common chronic infectious disease worldwide. Through the change
from the established invasive caries therapy to a causally oriented dentistry, non-invasive
and minimally invasive treatment concepts are increasingly moving into the foreground. A
fundamental prerequisite for this conservative approach is the detection of early caries stages,
since the remineralization and arrest of initial lesions can delay or even avoid the entrance
to a costly and invasive restoration cycle. Apart from the low sensitivity for these stages with
radiographic examination, a possible collapse of the enamel surface at proximal and occlusal
areas is not clearly detectable with current diagnostic tools. Since the cavitation of an lesion
defines the border to invasive treatment care, the assessment of the surface is highly relevant
for the therapeutic decision. Particularly for proximal and occlusal surfaces, there is a need for
reliable detection methods for early caries processes that also provide information about the
structural condition of the lesion.
Problem / Hypothesis
Optical technologies can provide a promising complement to current clinical diagnosis, since
they allow a fast, non-invasive, high-resolution and non-ionizing imaging. As a tomographic
methodolgy, optical coherence tomography (OCT) offers the possibility of depth-resolved imaging
of structures in the micrometer range in real time. The demineralization induced alteration of the
enamel surface results in a change of scattering at visible and near-infrared light that can be
visualized by OCT imaging. Initial carious lesions are also associated with distinct changes of
light polarization that can be detected by polarization-sensitive OCT (PSOCT). In this thesis,
the problem of early caries detection is addressed by the application and extension of OCT and
PSOCT imaging. Furthermore, intraoral measurements are presented and the assessment of
dental composite restorations by means of OCT is discussed.
Materials and Methods
Based on the characterization of different caries stages with various optical and spectroscopic
technologies, the suitability of OCT and PSOCT for intraoral imaging was investigated. Besides
In-vivo imaging with PSOCT, an endoscope was adapted for intraoral imaging. Due to the
promising results of the imaging of initial caries lesions, PSOCT imaging was further improved by
the implementation of a polarization contrast ("Degree of Polarization", DOP), which was shown
for the first time at different caries stages and localizations. On the basis of a standardized
enamel platelet model, a follow-up study was carried out to investigate the relationship between
depolarization and lesion depth at artificial caries demineralization, which was validated by
histological cross sections. In addition, the application of OCT and PSOCT-based imaging was
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presented for the visualization of two class-I composite restorations and their adhesive bonding.
Results and Conclusion
The investigation of carious lesions with different methods showed, that initial stages of caries
can be distinguished from the surrounding healthy enamel based on their scattering characteri-
stics and surface alterations can be detected at cross-sectional OCT images. The adaptation
of an endoscope for intraoral OCT application enabled the imaging up to the first molars and
provided sufficient resolution for the visualization of clinically relevant structural features such
as the enamel-dentine junction. The In-vivo imaging of dental hard tissue with PSOCT captu-
red polarization properties of the tooth and thus extends the intensity-based OCT imaging of
carious lesions with a functional contrast. The depolarization imaging based on DOP, showed
no sensitivity to the naturally occurring birefringence of the enamel, which led to a significantly
higher contrast and a more intuitive delineation of lesions. The systematic investigation on
the enamel platelet model showed a linear relationship between the depolarization and the
measured lesion depth. The application of depolarization imaging at suspicious occlusal surfa-
ces allowed a differentiation between nonsignificant discolorations and early demineralization
processes in the fissure. The depiction of composite restorations with OCT and PSOCT revealed
various defects, such as marginal gaps and inhomogeneous adhesive layers. Depolarization
imaging of the composite material also provided new approaches for the assessment of mate-
rial parameters, such as the distribution of filler particles and the evaluation of the curing process.
On the basis of the presented results, a high potential of OCT imaging for the detection of
initial caries stages as well as for the visualization of the dental microstructure can be derived.
The introduced depolarization imaging represents an extension of previous OCT-based approa-
ches and was presented for the first time on teeth. Furthermore, the results of this work are
the basis for the development of further prototypes for intraoral OCT imaging, which offer a
promising supplement to clinical diagnostics at proximal and occlusal areas.
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+LHUPLW YHUVLFKHUH LFK GDVV LFK GLH YRUOLHJHQGH UEHLW RKQH Q] O VVLJH +LOIH ULWWHU QG
RKQH HQ W] QJ DQGHUHU DOV GHU DQJHJHEHQHQ +LOIVPLWWHO DQJHIHUWLJW KDEH GLH D V IUHP
GHQ 4 HOOHQ GLUHNW RGHU LQGLUHNW EHUQRPPHQHQ HGDQNHQ VLQG DOV VROFKH NHQQWOLFK JH
PDFKW
HL GHU VZDKO QG VZHUW QJ GHV 0DWHULDOV VRZLH EHL GHU +HUVWHOO QJ GHV 0DQ
VNULSWV KDEH LFK 8QWHUVW W] QJVOHLVW QJHQ YRQ IROJHQGHQ 3HUVRQHQ HUKDOWHQ
:HLWHUH 3HUVRQHQ ZDUHQ DQ GHU JHLVWLJHQ +HUVWHOO QJ GHU YRUOLHJHQGHQ UEHLW QLFKW EHWHL
OLJW ,QVEHVRQGHUH KDEH LFK QLFKW GLH +LOIH HLQHV NRPPHU]LHOOHQ 3URPRWLRQVEHUDWHUV LQ Q
VSU FK JHQRPPHQ ULWWH KDEHQ YRQ PLU ZHGHU QPLWWHOEDU QRFK PLWWHOEDU JHOGZHUWH
/HLVW QJHQ I U UEHLWHQ HUKDOWHQ GLH LP = VDPPHQKDQJ PLW GHP ,QKDOW GHU YRUJHOHJWHQ
LVVHUWDWLRQ VWHKHQ
LH UEHLW Z UGH ELVKHU ZHGHU LP ,QODQG QRFK LP VODQG LQ JOHLFKHU RGHU KQOLFKHU )RUP
HLQHU DQGHUHQ 3U I QJVEHK UGH YRUJHOHJW
LH ,QKDOWH GLHVHU LVVHUWDWLRQ Z UGHQ LQ IROJHQGHU )RUP YHU IIHQWOLFKW
,FK EHVW WLJH GDVV HV NHLQH ] U FNOLHJHQGHQ HUIROJORVHQ 3URPRWLRQVYHUIDKUHQ JDE
,FK EHVW WLJH GDVV LFK GLH 3URPRWLRQVRUGQ QJ GHU 0HGL]LQLVFKHQ )DN OW W GHU 7HFKQL
VFKHQ 8QLYHUVLW W UHVGHQ DQHUNHQQH
,FK KDEH GLH =LWLHUULFKWOLQLHQ I U LVVHUWDWLRQHQ DQ GHU 0HGL]LQLVFKHQ )DN OW W GHU 7HFKQL
VFKHQ 8QLYHUVLW W UHVGHQ ] U .HQQWQLV JHQRPPHQ QG EHIROJW
,FK ELQ PLW GHQ 5LFKWOLQLHQ ] U 6LFKHU QJ J WHU ZLVVHQVFKDIWOLFKHU 3UD[LV ] U 9HUPHLG QJ
ZLVVHQVFKDIWOLFKHQ )HKOYHUKDOWHQV QG I U GHQ 8PJDQJ PLW 9HUVW HQ GHU 7HFKQLVFKHQ
8QLYHUVLW W UHVGHQ HLQYHUVWDQGHQ
2UW DW P
8QWHUVFKULIW GHV RNWRUDQGHQ
LHVH (UNO U QJHQ VLQG DQ GDV (QGH GHU UEHLW HLQ] ELQGHQ
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+LHUPLW EHVW WLJH LFK GLH (LQKDOW QJ GHU IROJHQGHQ DNW HOOHQ JHVHW]OLFKHQ 9RUJDEHQ LP 5DK
PHQ PHLQHU LVVHUWDWLRQ
฀ GDV ] VWLPPHQGH 9RW P GHU (WKLNNRPPLVVLRQ EHL .OLQLVFKHQ 6W GLHQ HSLGHPLRORJL
VFKHQ 8QWHUV FK QJHQ PLW 3HUVRQHQEH] J RGHU 6DFKYHUKDOWHQ GLH GDV 0HGL]LQSUR
G NWHJHVHW] EHWUHIIHQ
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+LHU LVW GLH 8QWHUVFKULIW GHV .OLQLN E]Z ,QVWLW WVGLUHNWRUV HLQ] KROHQ
NWHQ]HLFKHQ GHU ] VW QGLJHQ (WKLNNRPPLVVLRQ
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NWHQ]HLFKHQ GHU HQHKPLJ QJVEHK UGH ] P 9RUKDEHQ ] U 0LWZLUN QJ
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+LHU LVW GLH 8QWHUVFKULIW GHV .OLQLN E]Z ,QVWLW WVGLUHNWRUV HLQ] KROHQ
฀ GLH (LQKDOW QJ YRQ DWHQVFK W]EHVWLPP QJHQ GHU 0HGL]LQLVFKHQ )DN OW W QG GHV
8QLYHUVLW WVNOLQLN PV DUO VWDY DU V
2UW DW P
8QWHUVFKULIW GHV RNWRUDQGHQ
LHVH (UNO U QJHQ VLQG DQ GDV (QGH GHU UEHLW HLQ] ELQGHQ
